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Abstract

Finite and boundary element discretizations of elliptic partial differential equations result
in large linear systems of algebraic equations. In this dissertation we study a special class
of domain decomposition solvers for such problems, namely the finite and boundary element
tearing and interconnecting (FETI/BETI) methods. We generalize the theory of FETI/BETI
methods in two directions, unbounded domains and highly heterogeneous coefficients.

The basic idea of FETT/BETI methods is to subdivide the computational domain into
smaller subdomains, where the corresponding local problems can still be handled efficiently
by direct solvers, if feasible, in parallel. The global solution is then constructed iteratively
from the repeated solution of local problems. Here, suitable preconditioners are needed
in order to ensure that the number of iterations depends only weakly on the size of the
local problems. Furthermore, the incorporation of a coarse solve ensures the scalability of
the method, which means that the number of iterations is independent of the number of
subdomains.

For scalar second-order elliptic equations given in a bounded domain where the diffusion
coefficient is constant on each subdomain, FETI/BETI methods are proved to be quasi-
optimal. In particular, the condition number of the corresponding preconditioned system is
bounded in terms of a logarithmic expression in the local problem size. Furthermore, the
bound is independent of jumps in the diffusion coefficient across subdomain interfaces.

First, we consider the case of unbounded domains, where one subdomain corresponds
to an exterior problem, while the other subdomains are bounded. The exterior problem is
approximated using the boundary element method. The fact that this exterior domain can
touch arbitrarily many interior subdomains and that the diameter of its boundary is larger
than those of the interior subdomains leads to special difficulties in the analysis. We provide
explicit condition number bounds that depend on a few geometric parameters, and which
are quasi-optimal in special cases. Our results are confirmed in numerical experiments.

Second, we consider elliptic equations with highly heterogeneous coefficient distributions.
We prove rigorous bounds for the condition number of the preconditioned FETI system that
depend only on the coefficient variation in the vicinity of the subdomain interfaces. To
be more precise, if the coefficient varies only moderately in a layer near the boundary of
each subdomain, the method is proved to be robust with respect to arbitrary variation
in the interior of each subdomain and with respect to coefficient jumps across subdomain
interfaces. In our analysis we develop and use new technical tools such as generalized Poincaré
and discrete Sobolev inequalities. Our results are again confirmed in numerical experiments.
We also demonstrate that FETI preconditioners can lead to robust behavior even for certain
coefficient distributions that are highly varying in the vicinity of the subdomain interfaces.

Finally, we consider nonlinear stationary magnetic field problems in two dimensions, as
an important application of our preceding analysis. There, the Newton linearization leads
to problems with highly heterogeneous coefficients, which can be efficiently solved using the
proposed FETI/BETI methods.
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Zusammenfassung

Die Finite-Elemente-Methode und die Randelementmethode sind Standardverfahren zur
Diskretisierung elliptischer partieller Differentialgleichungen. Beide Verfahren fithren auf
groBdimensionierte, lineare algebraische Gleichungssysteme, deren schnelle Losung ganz we-
sentlich die Effizienz dieser numerischen Methoden bestimmt. In dieser Arbeit betrachten
wir eine spezielle Klasse von Gebietszerlegungsmethoden zur Losung derartiger Probleme,
genannt FETT/BETI-Methoden (Finite/Boundary Element Tearing and Interconnecting Me-
thods). Wir erweitern die bekannte Theorie dieser Methoden in zwei Richtungen, auf unbe-
schriankte Gebiete und auf Probleme mit stark variierenden Koeffizienten.

Die Grundidee der FETI/BETI-Methoden ist eine Zerlegung des Rechengebiets in klei-
nere Teilgebiete, auf denen lokalisierte Gleichungen effizient durch direkte Verfahren gelost
werden konnen. Dabei bietet sich zudem die Moglichkeit der Parallelisierung. Die globa-
le Losung wird dann schrittweise durch wiederholtes Losen lokaler Probleme rekonstruiert.
Hier werden Vorkonditionierer benttigt, damit die Grofle der lokalen Probleme die Anzahl
der Iterationsschritte nur schwach beeinflusst. Weiters stellt erst die Einbeziehung eines so-
genannten Grobgitter-Problems die Skalierbarkeit sicher, was bedeutet dass die Anzahl der
Schritte nicht mit der Anzahl der Teilgebiete anwéchst.

Fiir skalare elliptische partielle Differentialgleichungen zweiter Ordnung auf beschréinkten
Gebieten ist bekannt, dass FETI/BETI-Methoden quasi-optimal sind, sofern der Diffusions-
koeffizient der Gleichung auf jedem Teilgebiet konstant ist oder nur schwach variiert. Genauer
gesagt ist die Konditionszahl des zugehorigen vorkonditionierten Systems durch einen loga-
rithmischen Term in der lokalen Problemgréfie beschrinkt. Diese Schranke ist unabhéngig
von moglichen Spriingen des Diffusionskoeffizienten zwischen den einzelnen Teilgebieten.

Zunéchst betrachten wir den Fall eines unbeschrinkten Gebiets, in welchem eines der
Teilgebiete den Auflenraum umfasst. Dort wird die Losung mit Hilfe der Randelementme-
thode berechnet. Die Tatsache, dass dieses duflere Teilgebiet beliebig viele innere Teilgebiete
beriihren kann und dass der Durchmesser seines Randes im Allgemeinen grofer ist als die der
inneren Teilgebiete, fithrt auf Schwierigkeiten in der Analysis. Wir leiten explizite Schranken
fiir die zugehorigen Konditionszahlen her, die von geometrischen Parametern abhingen und
fiir Spezialfille quasi-optimal sind. Unsere theoretischen Resultate werden in numerischen
Experimenten bestétigt.

Weiters betrachten wir den Fall skalarer elliptischer partieller Differentialgleichungen mit
stark variierenden Koeffizienten, deren Werte insbesondere auch innerhalb jedes Teilgebiets
schwanken konnen. Wir zeigen explizite Schranken fiir die Konditionszahl der vorkonditio-
nierten FETI-Systeme, welche nur von der Koeffizientenvariation in der Nihe der Teilge-
bietsréinder abhingen. Genauer gesagt, falls der Koeffizient pro Teilgebiet in einem Bereich
nahe des jeweiligen Randes nur schwach variiert, ist die FETI-Methode robust in jeglicher
Variation im Inneren der Teilgebiete und in Koeffizientenspriingen zwischen den einzelnen
Teilgebieten. Fiir unsere Analysis entwickeln wir neuartige technische Hilfsmittel, wie etwa
verallgemeinerte Poincaré- und diskrete Sobolev-Ungleichungen. Unsere theoretischen Er-
gebnisse werden wiederum in numerischen Experimenten bestétigt.

Zuletzt wenden wir die zuvor diskutierten Methoden auf nichtlineare zweidimensionale
stationdre Magnetfeldprobleme an. Hier fithrt die Newton-Linearisierung auf Problemstel-
lungen mit stark variierenden Koeffizienten, welche durch geeignete FETI/BETI-Methoden
effizient gelost werden koénnen.
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Introduction

State of the Art

PDEs, FEM, and BEM

Partial differential equations (PDEs) appear almost everywhere in the modeling of physical
processes, e. g., heat transfer, fluid dynamics, structural mechanics, and electromagnetics, to
name just some important applications. In this thesis we will mostly be concerned with the
potential equation

—div [a(z) Vu(z)] = f(x), xz €,

with the unknown function u, the given coefficient «, the source term f, and the computa-
tional domain Q C R?. In only a few cases the solution of PDEs can be computed analytically.
In the remaining cases the solution has to be approximated using discretization techniques.
In the past decades—besides the finite difference method (FDM), the finite volume method
(FVM), and the finite integration technique (FIT)—the finite element method (FEM) and
the boundary element method (BEM) have been established as probably the most powerful
tools in the numerical simulation of PDEs.

The finite element method is based on the variational formulation of boundary value
problems for PDEs. Its main advantages are the general applicability to linear and nonlin-
ear PDEs, coupled multi-physics systems, complex geometries, varying material coefficients,
and different kinds of boundary conditions. Furthermore, the FEM is based on a pro-
found functional analytical framework (cf. BRAESS [16], BRENNER AND SCOTT [26], and
CIARLET [35]), allowing for a rigorous error analysis. The main idea is to subdivide the
computational domain into small simple domains called elements, which altogether form a
triangulation (mesh) of the domain. On the elements the solution is approximated by local
finite dimensional spaces, e. g., polynomials. The unknown coefficients with respect to a cho-
sen basis are called degrees of freedom (DOFs) or unknowns. For well-posed linear boundary
value problems, the FEM discretization leads to a linear system of algebraic equations that
uniquely determines the unknowns, and therefore the approximate solution.

For many PDEs, e.g., the potential equation, the Stokes, Lamé, Helmholtz, and also
Maxwell equations, analytical fundamental solutions are known. In some cases, e.g., con-
stant coefficients and vanishing source terms of the PDE, by using the fundamental solution,
one can derive integral equations that completely describe the underlying boundary value
problem involving the unknown function (here u) only on the boundary of the computational
domain. The solution in the interior can then be calculated directly from a representation
formula involving the fundamental solution. The boundary element method (BEM) dis-
cretizes these integral equations on the boundary. Here, as an obvious advantage, only

1



2 INTRODUCTION

boundary meshes have to be constructed in contrast to the volume meshes when using the
FEM. A particular difficulty of the BEM is the non-locality of the boundary integral oper-
ators which have to be approximated by data-sparse techniques in order to obtain efficient
solvers. For a comprehensive mathematical theory on boundary integral equations see, e. g.,
MCcLEAN [134] and Hs1A0 AND WENDLAND [90]. For boundary integral equations and BEM
see, €.g., SAUTER AND SCHWAB [164], STEINBACH [175], and also RJASANOW AND STEIN-
BACH [158]. For data-sparse approximation techniques we additionally refer to the recently
published monograph by BEBENDORF [8] and the references therein.

Domain decomposition methods and parallelization

If the number N of DOFs gets large, direct solvers for linear systems result in non-optimal
complexity, i.e., O(N?) with § > 1. In the case of standard Gaussian elimination for
banded FEM systems the complexity is as bad as O(N?) in two and O(N7/3) in three space
dimensions, which can be enhanced to O(N?®/?) resp. O(N?) for sparse systems using special
elimination strategies, cf., e.g., ZUMBUSCH [197]. Therefore, iterative solvers become the
key ingredient to fast simulation. In this field, domain decomposition (DD) solvers have
proved to be a powerful technique. Among them are overlapping and non-overlapping DD
methods (also called substructuring methods), which subdivide the computational domain
into (overlapping or non-overlapping) subdomains. The underlying algorithms are built from
a number of local solves of smaller problems on the subdomains. This concept is embedded
in the more general abstract Schwarz theory, coined by SCHWARZ [169], where the solution
space is subdivided into subspaces. This theory covers additive, multiplicative, and hybrid
Schwarz methods; among them multilevel and multigrid methods. Some of these methods
result in quasi-optimal solvers with a computational complexity O(N (14-log N)?). In certain
cases they can even lead to optimal complexity O(NN). Particularly in the context of elliptic
PDEs, the incorporation of a coarse space has proved to be the key ingredient to achieve
solvers which are robust in the number of subdomains. For a comprehensive account of
the theory and the algorithms in domain decomposition but also of the general Schwarz
theory, we refer to the monograph by TOSELLI AND WIDLUND [184], see also QUARTERONI
AND VALLI [150] and SMITH, BJ@ORSTAD, AND GROPP [171]. For multigrid and multilevel
methods we refer to BRAMBLE AND ZHANG [18], HACKBUSCH [80], and VASSILEVSKI [187].

The abstract framework of non-overlapping domain decomposition methods allows us (i)
to couple different discretization techniques, such as BEM and FEM, and (ii) to parallelize
solution algorithms on a mathematical level. Furthermore, there is a great potential to treat
multi-physics problems (see, e.g., QUARTERONI AND VALLI [150]).

In many situations, it is of interest to couple FEM and BEM to exploit the advantages of
both methods, also known as marriage a la mode — the best of both worlds (see ZIENKIEWICZ,
KELLY, AND BETTESS [195]). For instance, the finite element method is suitable for hetero-
geneous coefficients, source terms, and nonlinearities, whereas one can model subdomains
with constant coefficients (such as large air regions or small air gaps) and even unbounded re-
gions very suitably using the boundary element method. A remarkable work is the article by
COSTABEL [38] on the symmetric coupling of FEM and BEM, which was successfully used in
(hybrid) domain decomposition methods, see, e. g., CARSTENSEN, KUHN, AND LANGER [30],
HAASE, HEISE, KUHN, AND LANGER (78], HSIAO, STEINBACH, AND WENDLAND [91], HS1AO
AND WENDLAND [89], LANGER [115], LANGER AND STEINBACH [120], STEINBACH [174].
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In the last decades parallel computing has become more and more important, since
the physical speed barrier has almost been reached by today’s computer chips. However,
parallelization is often only added as an afterthought in software design, which usually results
in the fact that the parallel speed-up is limited to just a few processors. Far more efficiency
can be gained using algorithms that can be parallelized on a mathematical level, and for which
a profound mathematical analysis of the parallel scalability on massively parallel computers
is available. This means that parallelization must already enter the design of numerical
algorithms. Here, domain decomposition methods serve as a natural framework: In the
simplest case, each processor treats one subdomain of the decomposition of the computational
domain. Since communication between processors is still the dominant part, it should by
all means be minimized, and so the mathematical algorithm should only require a relatively
weak coupling between the subdomain problems. On the other hand, as described above, a
global coupling via a coarse problem is essential when dealing with elliptic PDEs. Finding
algorithms without any loss of efficiency has been a very active topic of research since thirty
years. Here we refer, e. g., to BASTIAN [5], DOUuGLAS, HAASE, AND LANGER [47], HAASE [77],
SMITH, BJ@RSTAD, AND GROPP [171], TOSELLI AND WIDLUND [184], ZUMBUSCH [197], the
references therein, the more recent works by KLAWONN AND RHEINBACH [105, 106, 107] and
RHEINBACH [154], and to the software projects Hypre (http://acts.nersc.gov/hypre/),
PETSc (http://www-unix.mcs.anl.gov/petsc/petsc-as/), and UG (http://sit.iwr.
uni-heidelberg.de/ ug/), see also DUNE (http://www.dune-project.org/).

Iterative substructuring methods

Among the most successful non-overlapping domain decomposition methods (at least for el-
liptic PDESs) are the balancing Neumann-Neumann methods, the finite element tearing and
interconnecting (FETI) methods, the dual-primal FETI (FETI-DP) methods, and a method
called balanced domain decomposition by constraints (BDDC). The classical FETI method,
nowadays called the one-level FETI method, was introduced by FARHAT AND ROUX [55, 56]
in 1991 as a dual iterative substructuring method, where it was first used for computational
mechanics. In contrast to primal iterative substructuring methods, the finite element sub-
spaces are given on each subdomain including its boundary, and in the first instance this
leads to a discontinuous approximation space. The global continuity of the solution is en-
forced by pointwise algebraic constraints, modeled by Lagrange multipliers. The resulting
saddle point problem is equivalent to a dual problem which is symmetric positive semidefi-
nite. Using a preconditioned conjugate gradient (PCG) subspace iteration this dual problem
can be solved iteratively. FARHAT, MANDEL, AND ROUX [57] proposed the first precondi-
tioner for this dual problem, called Dirichlet preconditioner, which results in a weak growth
of the number of iterations with respect to the number of degrees of freedom in the local
problems. The main ingredients of FETI are local Dirichlet and Neumann solves, as well as
an algebraic coarse solve.

We note that the pioneering work for iterative substructuring methods is a series of
papers by BRAMBLE, PASCIAK, AND SCHATZ [19, 20, 21, 22|, and that many of the tools
developed there are essential in the FETI theory. Secondly we mention that the basic ideas
in FETI and Neumann-Neumann methods can be tracked back to early work by GLOWINSKI
AND WHEELER [70] on certain mixed methods.

Nowadays, an extensive mathematical framework for FETI methods is available. In their
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pioneering work, MANDEL AND TEZAUR [131] published the first convergence proof for the
one-level FETI method with non-redundant Lagrange multipliers for two-dimensional elliptic
problems with homogeneous coefficients. They showed that the spectral condition number
of the corresponding preconditioned system is bounded by C (1 + log(H/h))?, with g < 3,
where H denotes the subdomain diameter, h the local mesh size, and C' is a generic con-
stant independent of H, h, and the number of subdomains. For a special two-dimensional
case, they could show § < 2. Another breakthrough was the work by KLAWONN AND
WIDLUND [109, 108] who introduced and analyzed new one-level FETI methods for three-
dimensional elliptic problems with heterogeneous coefficients. They could prove the spectral
bound C (1 + log(H/h))?, including also the case of redundant Lagrange multipliers, which
are more commonly used in parallel implementations. Furthermore, provided that the coeffi-
cients of the PDE are constant (or at most mildly varying) in each subdomain, Klawonn and
Widlund showed that the constant C'is also independent of possible jumps in the coefficients
across subdomain interfaces when a special scaling of the preconditioner is applied.

Using the basic idea of FETI methods, LANGER AND STEINBACH [118, 119] introduced
the boundary element tearing and interconnecting (BETI) method and coupled FETT/BETI
methods. The coupling of BEM and FEM in the tearing and interconnecting framework is
possible mainly for two reasons: (i) the domain decomposition is non-overlapping, and (ii)
FETT acts on the subdomain interfaces and relies on the finite element Schur complement on
the local boundaries which is an approximation of the Steklov-Poincaré operator, also known
as the Dirichlet-to-Neumann map. This operator can also be approximated using the BEM.
Due to spectral arguments, the condition number of the BETI and the coupled FETI/BETI
methods is also bounded by C (1 + log(H/h))?.

One-level FETI methods involve an algebraic coarse problem which is built from a special
projection that deals with the local kernel of elliptic operators in floating subdomains that
have no contribution from the Dirichlet boundary. In fact, the solution of the local Neumann
problem —div [o;Vu] = f in €;, with the conormal derivative ai% prescribed on the whole
of the boundary 0€2;, is only unique up to an additive constant, and this constant spans the
kernel of the operator. In the construction of the coarse problem that guarantees parallel
scalability of one-level FETI, we rely heavily on these non-trivial kernels of the local Neumann
problems. The exact characterization of these local kernels is a non-trivial task for some more
complicated PDEs, e.g., linear elasticity. There, the local kernel can have a dimension up
to six in three dimensions. For local Neumann problems that are always uniquely solvable,
e.g., for the equation —div [a;Vu] 4 f; u = f, the one-level FETT method has to be modified
in order to get a coarse problem which ensures scalability. Such a modification has been
proposed by FARHAT, CHEN, AND MANDEL [58] for time-dependent problems, see also
TosELLI AND KLAWONN [182] for problems arising in electromagnetics.

These technical and implementational difficulties led to the introduction of the dual-
primal FETI (FETI-DP) methods by FARHAT, LESOINNE, LE TALLEC, PIERSON, AND
RIXEN [63]. Here, not all of the continuity constraints are imposed by Lagrange multipli-
ers, but some of the DOFs are designated as primal DOFs and eliminated from the system
like in a block Cholesky factorization, cf. L1 AND WIDLUND [125]. This way the local Neu-
mann problems are always uniquely solvable and the size of the coarse problem is then the
number of such primal DOFs. The first analysis was given by MANDEL AND TEZAUR [132]
for two-dimensional problems with homogeneous coefficients. KLAWONN, WIDLUND, AND
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DRryJA [111] gave a full analysis for the three-dimensional case with heterogeneous coeffi-
cients. As already observed numerically by FARHAT, LESOINNE, AND PIERSON [61] in three
dimensions, fixing only a few vertices as primal DOF's is not sufficient and leads to a linear
growth of the condition number in H/h. This is due to the fact that finite element ver-
tex evaluations in two dimensions are almost continuous with a logarithmic dependency on
H/h, whereas vertex evaluations in three dimensions have a linear dependency on H/h. The
quasi-optimal bound can be obtained by introducing more primal constraints, such as edge
or face constraints, which enforce edge or face averages of the solution to be continuous.
The BEM counterpart of FETI-DP is called BETI-DP and was first introduced in LANGER,
POHOATA, AND STEINBACH [121].

A convenient alternative to FETI-DP, when dealing with PDEs with no elliptic operators
such as Laplace or linear elasticity with no zero-order terms, is a modification of the one-level
FETI method that simplifies the characterization of the local kernels. Such an approach was
independently introduced for finite elements by DOSTAL, HORAK, AND KUCERA [46], named
total FETI, and for boundary elements by OF [138, 139], referred to as all-floating BETI
(AF-BETTI). Here, the Dirichlet boundary conditions are not incorporated into the FE or BE
spaces, but rather imposed by additional Lagrange multipliers. Therefore, all subdomains
become floating, and one can work uniformly with the full kernel.

Let us make a few remarks on Neumann-Neumann methods and the more recent bal-
ancing domain decomposition by constraints (BDDC). Neumann-Neumann methods (see
BOURGAT, GLOWINSKI, LETALLEC, AND VIDRASCU [15], DE ROECK AND LETALLEC [41],
DryJA AND WIDLUND [48], LE TALLEC [124], MANDEL AND BREZINA [129], SARKIS [162])
provide a preconditioner to the Schur complement system by solving local Neumann prob-
lems using the jumps in the flux on each subdomain and then correcting the previous iterate
with the corresponding function values. With the incorporation of a coarse space, the num-
ber of iterations becomes independent of the number of subdomains. For piecewise constant
coefficients with respect to the subdomains, the method can be made robust using a partition
of unity related to the coefficient values, which is also central in the FETI theory. As shown
by KLAWONN AND WIDLUND [109], FETT and Neumann-Neumann methods are very closely
related and can be considered as dual to each other.

BDDC, introduced by DOHRMANN [42] and analyzed by MANDEL AND DOHRMANN [130],
is a balancing Neumann-Neumann method with a special coarse space that is derived from
primal constraints in the same way as in FETI-DP methods. Indeed, it was shown by
MANDEL, DOHRMANN, AND TEZAUR [133] and BRENNER AND SUNG [27] that the FETI-
DP and the BDDC methods have essentially the same spectrum. For further references on
BDDC methods see, e.g., DOHRMANN [43] and L1 AND WIDLUND [126].

We mention that FETI type and Neumann-Neumann type methods have been gener-
alized to structural mechanics (see, e.g., BRENNER [24], FARHAT, CHEN, MANDEL, AND
Roux [59], FARHAT AND MANDEL [54], KLAWONN AND WIDLUND [108, 110]), Helmholtz
problems (FARHAT, MACEDO, AND LESOINNE [62], FARHAT, MACEDO, AND TEZAUR [60]),
eddy current problems (TOSELLI AND KLAWONN [182], TOSELLI [180, 181]), and also to non-
conforming (mortar) discretizations (Kim AND LEE [103], Kim [101, 102], STEFANICA [172],
STEFANICA AND KLAWONN [173]). Inexact FETI-DP methods were introduced in KLA-
WONN AND RHEINBACH, RHEINBACH [106, 154]; here preconditioners on the saddle point
formulation of FETI-DP methods are used to allow for an inexact solution of the coarse
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problem. For extensions of FETI type methods to high-order (hp and spectral element)
methods, see, e.g., KLAWONN, PAVARINO, AND RHEINBACH [112, 112], PAVARINO [141],
TOSELLI AND VASSEUR [183], and the references in TOSELLI AND WIDLUND [184, Chap. 7].
A special hp method called interface-concentrated FETI has been introduced by BEUCHLER,
EIBNER, AND LANGER [11], building on a work by KHOROMSKIJ AND MELENK [100] for
boundary-concentrated hp-FEM discretizations.

Highly heterogeneous coefficients

In many applications, the coefficients of the underlying PDE are heterogeneous in the sense
that they jump across material interfaces while being homogeneous within a single material.
The analysis of FETI type methods in this case can be covered by the theory in KLAWONN
AND WIDLUND [109] and KLAWONN, WIDLUND, AND DRyYJA [111], as long as the material
interfaces are resolved by the subdomain partitioning. However, there are other applications
where the coefficient varies also within the subdomains, among them the simulation of com-
plicated layered, heterogeneous, porous, or stochastic media, and nonlinear problems. We
call such coefficients highly heterogeneous or multiscale coefficients. The development of fast
and robust iterative solvers for problems with (highly) heterogeneous coefficients has been
a very active area of research, specifically in the setting of multiscale solvers, and in the
domain decomposition and multigrid communities. In the following we first review results
on the heterogeneous case (apart from [109, 111]), where the coefficient is resolved by the
subdomains or the coarsest mesh. Secondly, we review known results for the much more
difficult highly heterogeneous case.

An important contribution concerning the heterogeneous case was the one by SARKIS [162,
163, 161] building on earlier works by DRYJA AND WIDLUND [48], DRYJA, SMITH, AND WID-
LUND [49], and WIDLUND [190] who used non-standard (sometimes known as ezotic) coarse
spaces to obtain robust additive and multiplicative Schwarz type solvers for coefficients which
are piecewise constant with respect to the subdomains, see also BJORSTAD, DRYJA, AND
VAINIKKO [12], CHAN AND MATHEW [31], and TOSELLI AND WIDLUND [184]. We note that
Sarkis introduced the concept of quasi-monotone coefficient distributions on cross points.
The quasi-monotonicity is violated, e. g., in case of a checkerboard distribution with two dif-
ferent coefficient values. It turns out that for many methods, non-quasi-monotone coefficient
distributions form indeed the harder case.

In their recent article [192], XU AND ZHU consider the conjugate gradient method with
various multilevel preconditioners. If the coefficient is constant in M connected regions
that are resolved by the coarsest mesh, the convergence is uniform in the coefficient jumps.
In particular, the case of non-quasi-monotone coefficient distributions is covered as well.
Although the condition number of the preconditioned system deteriorates in general, the
number of small eigenvalues can be shown to be equal to M while the other eigenvalues form
a cluster. Therefore, the number of iterations of the CG method depends only on M and the
ratio of the extremal eigenvalues of the cluster. Robustness analysis for algebraic multilevel
methods can be found in KRAUS AND MARGENOV [114].

Let us now come to works on highly heterogeneous coefficient distributions which are
not resolved by subdomains or the coarse mesh. GRAHAM AND HAGGER [71, 72] discovered
and analyzed clustering effects (similar to those later exploited by XU AND ZHU) in the
spectrum of FEM systems for high contrast coefficients, and they used additive Schwarz
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preconditioned CG methods to exploit these effects. For similar computational results see
VUIK, SEGAL, AND MELJERINK [189]. If the coefficient is constant on M different regions,
the number of small eigenvalues is equal to M. Graham and Hagger proved the convergence
of CG with an additive Schwarz preconditioner for such coefficient distributions, where the
iteration number depends only on M and is independent of the jumps in the coefficient. In
contrast to previous works, the jumps need be resolved neither by the subdomains nor by
the coarse grid.

In the articles by GRAHAM, LECHNER, AND SCHEICHL [75], GRAHAM AND SCHE-
ICHL [73, 74], and SCHEICHL AND VAINIKKO [165] we find theory for Schwarz type domain
decomposition solvers for highly heterogeneous coefficients, which adjust the basis functions
of the coarse space according to the coefficients. The authors come up with very general
bounds for the condition number in terms of one or two indicators which describe the rela-
tionship between the coefficients, the subdomain partitioning, and the coarse basis functions.
In order to obtain robust bounds the authors specialize on certain “island” configurations.
By an “island” we understand a region of heterogeneity in the coefficient which is fully
contained in another homogeneous region where the coefficient is constant. Under certain
assumptions on these islands, the indicators mentioned above can be estimated in terms of
accessible geometric parameters, such as the overlap parameter, diameters of the islands, and
distances between islands and element or subdomain interfaces. Here we must point out that
in spite of the rather special assumptions, islands may still cut through subdomain facets or
can be included in their interior. Indeed, the theoretical analyses are rather involved, which
is for sure associated to the difficulty of the problem of highly heterogeneous coefficients.

Numerical robustness results for (algebraic) multigrid and multilevel methods can be
found, e. g., in ALCOUFFE, BRANDT, DENDY, JR., AND PAINTER [4], RUGE AND STUBEN [160],
and VANEK, MANDEL, AND BREZINA [186]. Theoretical results are given in AKSOYLU, GRA-
HAM, KLIE, AND SCHEICHL [3], GEORGIEV, KRAUS, AND MARGENOV [68].

As observed numerically by several authors, FETI type methods seem to be robust even
when coefficient jumps are not aligned with the subdomain partitioning, see RIXEN AND
FARHAT [155, 156] for one-level methods and KLAWONN AND RHEINBACH [104, 107] for
FETI-DP methods. A theoretical foundation is so far still lacking.

On this work

The aims of this work are to investigate FETI/BETI type methods for the case of
(i) unbounded domains, i.e., coupling to exterior problems, and
(ii) highly heterogeneous coefficients.

The aspect of exterior problems and highly heterogeneous coefficients is mainly driven by
the application to nonlinear magnetic field computations as they will be explained in more
detail in the sequel. In two dimensions, the linearization of such equations results in potential
equations. Similar equations arise in nonlinear electrostatics, see, e. g., IDA AND BASTOS [92,
Chap. 3] or KALTENBACHER [93, Sect. 4.3]. Therefore the potential equation (in two and
three dimensions) will serve as our model problem throughout. In the following we describe
some phenomena which occur in the context of these magnetic field problems in order to
motivate our investigations on FETI/BETI type methods.
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Exterior problems FExcept for special cases, electromagnetic fields radiate to infinity,
although they might decay rather fast according to radiation conditions, such as the Silver-
Miiller radiation condition for the Maxwell equations or the Sommerfeld radiation condition
for the Helmholtz equation, cf., e. g., MONK [136]. Henceforth, the computational domain is
at first sight unbounded. There are many techniques to deal with such unbounded domains
in connection with magnetic field computations. Besides the use of Dirichlet boundary
conditions on an artificial boundary exploiting the fast decay far away from the sources,
infinite elements, conformal mappings, perfectly matches layers, etc., the boundary element
method can handle radiation conditions in homogeneous media with high accuracy. Here,
one introduces an artificial interface away from the sources and can find boundary integral
equations which exactly model the entire PDE in the exterior of that interface. In particular,
the exterior Steklov-Poincaré operator, i.e., the exterior Dirichlet-to-Neumann map, for
Laplace’s equation can be fully described by means of such integral operators.

Since the FETI/BETI methods for bounded domains can be described very naturally by
Steklov-Poincaré operators on the subdomains, it seems straightforward to treat unbounded
domains with FETI/BETI type methods. From a practical point of view this is indeed the
case. However, new questions concerning robustness arise which are usually not present in
the bounded case. In the standard theory of FETI/BETI type methods, it is assumed that
each subdomain has a finite, uniformly bounded number of neighbors, and that neighboring
subdomains are of comparable size. In the context of our theory, the “size” of the exterior
subdomain is measured by the diameter of its boundary (which is finite), in the following
denoted by Hy. Therefore, the standard assumption requires that all the neighboring sub-
domains of the exterior domain have a diameter proportional to Hy which implies that there
can only be very few of them. In general, using the known theory in its basic form, the con-
dition number depends on the ratios Hy/H; and on the number of neighbors of the exterior
domain, which would be rather limiting. In practice, we are interested in problems where
the exterior domain can have arbitrarily many neighboring subdomains and in solvers which
are robust with respect to the number of neighbors and the different sizes of the subdomains.

Nonlinearity and heterogeneity In two-dimensional nonlinear magnetic field computa-
tions the coefficient of the PDE, called reluctivity v, depends nonlinearly on the gradient of
the solution, or equivalently on the magnetic flux density |B|. For many materials, such as
ferromagnetic ones, this dependency is nonlinear. In other materials, such as air or insula-
tors, the reluctivity coefficient can be modeled as constant. In any case, we expect jumps in
the coefficient across material interfaces, and these jumps can be of order O(10%) and more.
If we apply a Newton type method to the nonlinear equation, the linearized equation in
each iterative step is again a potential equation with a tensor-valued coefficient, denoted by
¢, that depends on the gradient of the current iterate. Since such gradients can grow arbi-
trarily large near singularities which arise at material corners (cf., e. g., GRISVARD [76]), the
coefficient ¢ can become highly heterogeneous, even within a homogeneous (but nonlinear)
material. In summary, for such nonlinear problems we have

e large jumps in the coefficient ( across material interfaces, and
e smooth but large variation in ¢ within an individual material due to nonlinear effects.

Iterative solvers for the linearized problems should be robust with respect to the variation in
the coefficient (. The existing theory on FETI methods covers only the case of coefficients
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that are piecewise constant on the subdomains or only slightly varying. If we apply the
methods naively to highly heterogeneous coefficients as described above, the rate of variation
will enter the condition number bound, i. e., the method is, in its basic form, not robust with
respect to the variation. However, RIXEN AND FARHAT [155, 156] introduced modified scaling
strategies for one-level FETI methods, known as superlumping, which are proved to be rather
effective for coefficient jumps which are not aligned with interfaces, at least numerically. A
similar scaling has been numerically tested for nonlinear magnetostatic field problems in
LANGER AND PECHSTEIN [116]. Scalings for related FETI-DP together with numerical
results can be found in KLAWONN AND RHEINBACH, KLAWONN AND RHEINBACH [104, 107].
However, a theoretical proof of all these robustness results has so far been lacking.

Main achievements The main emphasis of this thesis is not on computations but on
theory. Nevertheless we have also confirmed our theoretical results by numerical experiments
and applied the methods to nonlinear magnetic field problems. Our main achievements are
the following ones.

Exterior problems. We provide explicit condition number bounds for standard one-level
and all-floating FETI/BETI methods in the unbounded case, which we summarize in the
following. Let I'g denote the artificial interface separating the exterior domain from the
interior subdomains. If in addition to the radiation condition, no further Dirichlet boundary
conditions are imposed (e.g., on parts of the interior subdomain boundaries), the condition
number x of the preconditioned FETI/BETI system is bounded by

C max (1 + log(H;/h))?,
1€Lint
where Z;,¢ is the index set of the interior subdomain and the constant C' is independent of
Hy, H;, h;, the number of subdomains, and in particular of the ratio Hy/H; and the number
of neighbors of the exterior subdomain. If additionally, the coefficient corresponding to the
exterior subdomain is larger or equal to those of the interior subdomains, the constant C is
independent of the values of the (piecewise constant) subdomain coefficients. In case of a
Dirichlet boundary in the interior that is separated from I'g by a distance n > 0, we obtain

k < C@ max (1 + log(H;/hs))?.
7N 1€Ling
Similar estimates hold true if the Dirichlet boundary touches I'y. In the worst case, we can
prove the same estimate as above where n equals the minimal diameter of the subdomains
neighboring the exterior domain. Then the constant C' is independent of the coefficients and
the location of the Dirichlet boundary. We note that in three dimensions, the factor Hy/H;
is a measure for the square root of the number of neighbors of the exterior domain.

We prove that dual-primal FETI/BETI methods for unbounded domains result always in
the quasi-optimal condition number bound C' max;ez,, (1+log(H;/h;))?, with C independent
of Hy, H;, h;, the number of subdomains, the neighbors of the exterior domain, and the values
of the (piecewise) coefficients. We discuss implementation issues of both the one-level and
the dual-primal methods for unbounded domains.

Highly heterogeneous coefficients. As previously discussed, there are only very few theoretical
results for domain decomposition methods for highly heterogeneous coefficients. Our work is
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mainly inspired by the articles by GRAHAM, LECHNER, AND SCHEICHL [75] and SCHEICHL
AND VAINIKKO [165].

Using energy minimization and cut-off arguments, and by proving some new generalized
Sobolev inequalities, we can show a rigorous bound for the condition number of the pre-
conditioned FETI system that depends only on the coefficient variation in the vicinity of
subdomain interfaces. To be more precise, for suitably chosen parameters 7; > 0, let €); ,,
denote the layer of width 7; near the boundary of each subdomain €2;. Then, for a gen-
eral (positive) coefficient function o € L*°(€2), the condition number of the preconditioned
one-level FETI system is bounded by

C max (ﬂ>ﬁ max max ofz) (1 +log(H;/hs))?,
keZ \ g i€ Y€, a(y)
where Z is the index set of the subdomain, and the constant C' is independent of a(-). In
general, 3 = 2; if the coefficient in the interior is always larger than in the boundary layers,
B = 1. In particular the dependency of the condition number is restricted to the boundary
layers only, i.e., the coefficient may vary a lot in the interior of each subdomain. Our
condition number bound holds also in case of the all-floating and the dual-primal method.

Application to nonlinear magnetic field problems. We apply the one-level FETI/BETI
method to nonlinear stationary magnetic field problems in two dimensions, where in partic-
ular the highly heterogeneous case is of strong relevance.

The analyses of our theoretical results will be treated in the more interesting three-dimensional
case. The corresponding proofs for the two-dimensional case can be obtained easily from the
three-dimensional ones. As a matter of fact, we need to enter and modify the known theory
on a rather deep level. This is why we have decided to review this theory in detail. We
present numerical experiments that illustrate and confirm our results on one-level (including
all-floating) FETI/BETI methods.

Outline

This dissertation is structured as follows.

e Chapter 1 provides some preliminaries, such as Sobolev spaces, the variational for-
mulation, FEM, BEM, and Steklov-Poincaré operators. The experienced reader may
bypass this chapter.

e In Chapter 2 we discuss hybrid one-level tearing and interconnecting methods, pre-
senting a unified theory for standard one-level and all-floating FETT/BETI methods.

e Chapter 3 investigates the extension of one-level FETT/BETI methods to unbounded
domains.

e In Chapter 4 we discuss dual-primal FETI/BETI methods for bounded and unbounded
domains.

e Chapter 5 deals with FETI type methods for highly heterogeneous coefficients.

e In Chapter 6, we apply the FETT/BETI methods to nonlinear magnetic field problems
in two dimensions and provide some numerical results.



Chapter 1

Preliminaries

This chapter contains the preliminaries for our thesis. Section 1.1 introduces some basic
concepts. In Section 1.2 we briefly discuss the potential equation. Section 1.3 deals with
Sobolev spaces, variational formulations and Galerkin’s method. In Section 1.4 we introduce
boundary integral equations related to the interior and exterior Laplace equation as well
as the corresponding Steklov-Poincaré operators, which are among the key tools of non-
overlapping domain decomposition methods. Section 1.5 briefly covers two discretization
techniques, the finite element method (FEM) and the boundary element method (BEM).
Furthermore, we introduce approximations of Steklov-Poincaré operators. We very briefly
address solvers for finite element systems and data-sparse techniques for the BEM, such as
‘H-matrices. Finally, Section 1.6 contains spectral estimates relating the approximate and
the continuous Steklov-Poincaré operators.

1.1 Basic concepts

1.1.1 Basic notation and auxiliary results

Vectors and matrices For two vectors p, ¢ € R”, we denote the Euclidean inner product
by p-q = (p, q)2 == Y i1 Pigi, and the Euclidean norm by [p| := (p - p) /2. If it is clear
from the context we simply denote the vector of zero entries by 0. When not pointed out
explicitly, all vectors are understood as column vectors. The transpose p' of a column vector
p is a row vector. Similarly, we denote the transpose of a matrix A € R™™ by AT. A matrix
A € R™™ ig called symmetric positive definite (SPD) if it is symmetric and (Ap)-p > 0 for
all p € R™\ {0}. The identity matrix is denoted by I. A number X\ € R is called eigenvalue
of A if there exists a vector z # 0 such that A z = Az. If A is SPD, all eigenvalues are strictly
positive. Denote by Apmax(A4) and Apin(A) the largest and smallest eigenvalue, respectively,
which can be characterized by

A " A "
Amax(A) = max 7( % 2) , Amin(A4) = min 7< 2 2)
#0 (2, 2)s #0 (2, 2)«

Y

for any inner product (-, -), on R™. The spectral condition number of an SPD matrix A is
defined by
Amax(A)
A)i= ——=,
,{( ) )\min(A)

11
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Figure 1.1: Two domains that fail to be Lipschitz.

Banach spaces and linear operators We denote the dual of a Banach space V by V*.
The dual is the space of the linear and bounded functionals on V. The duality product on
V* x V is denoted by (-, -), i.e., for a functional f € V* we have (f, v) = f(v) € R. For
subspace U C V we define its polar space U° C V* by

UO::{fGV*:<f,v>:0 VUGU}.

Let W be another Banach space and A : V — W™ a bounded linear operator. We define
the adjoint AT : W — V* by the relation (ATw, v) = (Av, w) forallv € V, w € W. An
operator S : V. — V* is said to be self-adjoint if ST = S. If in addition, there exists a
constant ¢ > 0 with (Swv, v) > c||v||? for all v € V, we call S elliptic. As it is well-known in
the elliptic case, the inverse S~!: V* — V is linear, bounded, and elliptic as well. In case
that V' is of finite dimension, we may call the operator S symmetric positive definite (SPD)
as well, since it can be represented by an SPD matrix. As a convention, we call a general
self-adjoint elliptic operator S : V. — V* SPD as well. Any such SPD operator S defines
an inner product (v, w)g := (Swv, w) on V. For a subset U C V', we define the orthogonal
complement of U with respect to V by

Uts ={welU:(wv)g=0 YweV}.
The kernel and range of a general linear operator A : V. — W are denoted by
kerA:={veV:Av=0}, range A:={weW:JveV :w=Av}.

If V and W are of finite dimension, we have (ker A)° = range AT because range A is closed,
cf. BREzzl AND FORTIN [29, Chap. II]. The identity operator on a space V is denoted by
Iy, where we omit the subscript V' if the corresponding space is clear from the context.

Domains and manifolds We call an open and connected subset Q@ C R? a domain. In
most cases, a domain €2 will be bounded, too. The boundary of a domain is denoted by 0f2.
We call a non-empty boundary 92 Lipschitz if it can be represented by a finite family of
Lipschitz continuous functions, see, e.g., EVANS [53] or MCLEAN [134]. We call a domain
Lipschitz if its boundary is Lipschitz. Note that for each bounded Lipschitz domain 2, its
open complement R? \ Q is Lipschitz too. Due to Rademacher’s theorem (see the references
in MCLEAN [134, p. 96f]), Lipschitz domains have a unique outward unit normal vector to
the boundary in the L*° sense. Figure 1.1 shows two famous examples of domains which
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fail to be Lipschitz. However, both are the union of two Lipschitz domains. A manifold
' C 99 is called relatively open (relatively closed), if its open (closed) in the topology of the
(d — 1)-dimensional boundary 092. A manifold is called closed if it has no boundary in the
09)-topology. If clear from context we will often write open, but meaning relatively open.
For a domain or manifold M, let 1,4 denote the function which is identical to 1 on M,
and let 04 denote the function being identical to 0 on M. Finally, we define the diameter

diam (M) := sup |z —yl|.
z, yeEM

Integrals All domain integrals are Lebesgue integrals and will be written in the form
fQ f(x)dx or in short fQ fdz. Integrals on hypersurfaces are understood as Lebesgue inte-
grals with respect to the corresponding surface measure or arc length and are written in the
form [ f(x)ds, or in short [ fds.

Constants in estimates Throughout this work the notion a < b means that some
(generic) constant C' > 0 exists with a < C'b. Such a constant C' will never depend on
the relevant parameters such as mesh size, (sub)domain diameters, coefficients, number of
subdomains, etc., but it may depend on the geometric shapes of subdomains, elements, etc.
Similarly, a 2 b is short hand for b < a, and a ~ b stands for a < b and b < a.

Suprema and infima We agree on the convention that we write

WGy shorthandfor swp gy e € X, o) £},

i.e., we exclude those x € X where the denominator vanishes. Similarly, we write

15’( Zég as short hand for inf {Zgj)) cx € X, b(x) # 0} .

Auxiliary result

Lemma 1.1. Let V be a Hilbert space and A : V — V* a self-adjoint and elliptic operator
with its self-adjoint and elliptic inverse A~' : V* — V. Then

- (w, v)?
w, A7) = sup Yw e V*.
< ’ > veV <A1), ’U>
Proof. The operator A~! defines an inner product (u, v)4-1 = (u, A~ w)/2 on V* with
associated norm || - || 4~1. The Cauchy-Schwarz inequality implies
(U), U)Afl <w7 1)>
w|g-1 = sup ———— = sup ———
folam = 320 Rl ~ S A

where we have substituted v := A~ 1u. O
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1.1.2 Projections

Let U and Z be finite-dimensional Hilbert spaces with dim Z < dimU, and let G : Z — U*
be an injective linear operator. Due to our assumptions ker G = {0} but ker GT # {0}. We
are interested in operators P : U — U and their adjoints P' : U* — U* of the form

P=1-QG(G"Qa)"GT, 11)
PT = I-G[GTQG)'GTQ, =

where the operator @) : U* — U is SPD and therefore defines inner products (v, w)g =

(v, Qw) and (v, w)g-1 = (Q7'v, w) on U and U*, respectively. Note, that the term

(GTQG)! is well-defined because G is injective and @ is SPD. By construction we have
G'P=0, PQG=0, PQ=QP",

1.2
P'G=0, G'QP" =0, Q'Pp=P" Q. (1:2)

The operator P is a projection, i.e., P> = P. Also PT, I — P, and I — P are projections,
which implies

(Pv, I = P)w)g-» = 0 Yo, we U,

1.3
(PT v, (I — PT)w>Q =0 Yo, w e U™, (1:3)

i.e., P and I — P are orthogonal in the inner product defined by @', and P as well as
I — P" are Q-orthogonal. From the identities in (1.2) we obtain

range P = kerG',
range (I — P) = (kerG') e ! = range (QG),
range PT = ker(G'Q),
range (I — P') = ker(G'Q)*? =rangeG .

(1.4)

We note that the above projections remain well-defined if @ is only SPD on range G.

1.2 The potential equation

This section introduces the classical potential equation (sometimes also called heat equation
or diffusion equation) together with interface and boundary conditions. Let Q C R? (with
d =2 or 3) be a bounded Lipschitz domain.

Differential operators Let the following fields be sufficiently smooth. For scalar fields
u : 0 — R we define the gradient,

ou Oou\T
vum (2 )T E
“ (9131 8xd ( )
For vector fields v = (vq, ..., vq) " : Q — R, which, with a few exceptions, will be denoted

by boldface symbols, we define the divergence,

d

8'Uk
i = —. 1.
divwv ; . (1.6)
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Figure 1.2: Two subdomains 21, (2o with interface I'1s.

The Laplace operator A is defined by

4 0%
Ay :=div (Vu) = g 92 (1.7)
x
k=1

TN

The potential equation The potential equation reads: Find a sufficiently smooth function
u : £ — R such that

—div[AVu] = f  inQ, (1.8)

for a given source function f : ) — R and a sufficiently smooth coefficient matrix A : Q —
R4 If A = T for some scalar function o we can write

—div[aVu] = f in Q. (1.9)

In case o = 1 we call (1.8) Poisson’s equation. If additionally f = 0, we call (1.8) Laplace’s
equation since it reads

—Au = 0 in Q. (1.10)

Boundary conditions We consider Dirichlet and Neumann boundary conditions. Let the
boundary 02 split into two disjoint parts, a Dirichlet boundary I'p and a Neumann boundary
I'y. For technical reasons we assume that I'p is a relatively closed manifold, whereas I'y is
open. The boundary conditions read

uw = gp on FD, (111)
(AVu)-n = gy  onTDy, (1.12)

where gp and gy are given, and n is the outward unit normal vector to 0{2. The term
(AVu) - n is called conormal derivative.

Interface conditions So far we have assumed that the coefficient A (or «) is sufficiently
smooth, in particular continuous. Suppose now that {2 is composed of two disjoint subdo-
mains Q1, Q, so that Q = Q;UQs. Then we call the manifold I'1o = 901 NON, the interface,
see Figure 1.2. If A is smooth on each of the subdomains €1, Qs but discontinuous across
I'12, and if f is piecewise smooth too, the potential equation can only be formulated in each
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of the subdomains. On the interface I'13 we have to introduce interface conditions. The
entire system reads

—div[AVy| = f inQ;, i=1,2 (1.13)
Uy = U9 on F12, (1.14)
(AVul) -ny + (AVUQ) ‘nyg = 0 on I'19, (1.15)

where uy, us are the restrictions of the global solution u to €2y, o respectively, and n;
and ny = —nj are the outward unit normal vectors to 9€2; and 0€2s, respectively. The
interface conditions (1.14)—(1.15) state that both the solution and the conormal derivative
are continuous.

Remark 1.2. Note that, here the source function f may be discontinuous across I'12, later
on we can allow for f € L%(Q). For less regularity, as in the case of surface sources, the
condition (1.15) needs to be changed accordingly.

Interface conditions for the case of many subdomains are straightforward.

Mixed boundary value problem Summarizing we state the mized boundary value prob-
lem for the potential equation, here again for the case of two subdomains. For given A, f,
gD, and gy sufficiently (piecewise) smooth find a function u :  — R such that

—div[AVu] = f in 1=1,2,
(AVU)~H1+(AVU)-TLQ =0 on I'19,

ur, = gp onlp,
(AVu)-n = gy onTy.

(1.16)

1.3 Variational methods

In this section we introduce the concept of weak solutions to the potential equation. To this
end, Section 1.3.1 introduces Sobolev spaces, trace operators, and some important results
such as Friedrichs’ and Poincaré’s inequalities. Section 1.3.2 contains the variational for-
mulation of the potential equation, Section 1.3.3 discusses existence and uniqueness thereof,
and finally we state Galerkin’s method in Section 1.3.4

1.3.1 Sobolev spaces
1.3.1.1 Definition

Comprehensive introductions to Sobolev spaces can be found, e. g., in ADAMS AND FOURNIER [1],
EVANS [53], or MCLEAN [134]. In the following let 2 C R? be a (possibly unbounded) domain
with Lipschitz boundary 99, or Q = R%. We start with a list of some basic spaces:

C(Q)  space of continuous functions in 2
C*(Q)  space of k-times continuously differentiable functions in 2 (C°(Q) := C(Q))

C>®(Q) space of infinitely many times continuously differentiable functions in
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space of functions from with compact support in
ff i f C>°(Q)) with in 2
unctions from equipped with a special topology
f i f Coe (22 ipped with ial 1
D'(2)  space of distributions in
(©2)

space of Lebesgue-measurable functions v on the domain Q where [, [v[? da
is bounded

L>(Q)  space of Lebesgue-measurable functions with bounded essential supremum

15 (82)  space of locally Lebesgue-integrable functions, i.e., absolutely integrable on
every compact subset of 2

H*(Q)  closure of C*°(2) in the norm wll x ) = (Z|a\§k Jo |D%u|? dx) 1/2
Hy(€Q)  closure of C§°() in the norm || - || g1
H=Y(Q)  the dual of H}(Q)

Occasionally, we make use of the spaces C*(M), C>®(M), and LP(M) on a manifold M.
We need the following notion of weak derivatives.

Definition 1.3. A function u € L}, () has weak derivative v € L} (Q) with respect to x;
if and only if

0
/vgodx:—/u ? dz Vo € CO(0).
Q o O
We write g—; = v. If all weak derivatives of a function u of order one exist, we write Vu =
(aa—;fl, R %)T. This is justified by the fact that if additionally u € C'(Q) the weak derivative

coincides with the classical derivative. Higher order derivatives are defined recursively.

This definition gives rise to the distributional derivative. A distribution f € D'(Q) is a
linear functional on the space D(2) which is continuous in a special topology. Distributions
are generalized functions in the sense that every locally integrable function f € Llloc(Q)
naturally defines a distribution f € D’ (Q) by ( 1, ©) = [ f@dx. In the following we identify
f and f. Finally, Definition 1.3 can be generalized to distributions, resulting in the fact that
all derivatives of distributions (or functions) are well-defined in the distributional sense.

For Lipschitz domains €, the space H'(Q) defined as above contains those functions
in L2(Q) whose distributional derivatives up to order 1 can be represented by functions in

L?(€2). Equipped with the inner product

(u, v) g1 () ::/uvd:v+/ Vu-Voudz, (1.17)
Q Q
and with the seminorm | - |g1(q) and norm | - || 1(q) defined by
‘uﬁql(ﬂ) = /Q |Vul*de  and ||u||%{1(9) = HuH%Q(Q) + ’uﬁfl(ﬂ)’ (1.18)

respectively, H!(Q) becomes a Hilbert space.
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IfQis bounded and Lipschitz, denote its open complement by Q% := R?\ Q. We define
the space H,. (Q%) which is more general than H! () by

HL (9% :={u e D'(Q™) :ue H(Q™ NBr) VYR >0}, (1.19)

where Bp is the open ball with center in the origin and radius R, cf. [134, Chap. 7, p. 234ff].

Sobolev spaces H*(Q2) with real indices s > 0 can be defined using the Sobolev-Slobodeckii
norm (see also the next paragraph), the Fourier transform, or an interpolation method, cf.
[134, Sect. 3]. As long as € is bounded and Lipschitz we have H*(Q) C H'(2) C L*(Q) for
1> s>t >0, and the inclusions are compact (by Rellich’s theorem, cf. [134, Theorem 3.27]).

loc

Sobolev spaces on manifolds For a bounded manifold r (open or closed) recall that
L?(I) is the space of square-integrable functions with respect to the Lebesgue surface mea-
sure. For a bounded domain 2 with Lipschitz boundary 9€) we define the space

H'2(09) := {u € L*(09) : ||ull y1/2(9) < o0}, (1.20)
using the Sobolev-Slobodeckii norm
1/2
lull 17200 = (1l3200) + [1l31/200)) (1.21)
with the seminorm
[l // [u(@) = u@) ) Y2 (1.22)
u / S ) . .
HYA 0D 9 Joo ’1‘ - y’d Y
For an open hypersurface I'c L), we define the space
HY(T) := ={ue L*(T): 3ue HY/(09), u Ur = u}, (1.23)
with the norm
Vel g2y 2= 0 {11l 17200 < @ € HY2(09), T = u} (1.24)

7” I ~
As a matter of fact, the space Cg°(T") 220 coincides with H'Y2(T"). We define
1/2 /5
Hop*(T) = {ug :w € HY(09), ulyg\5 =0}, (1.25)

which is in general a genuine subspace of H 1/ 2( ) and contains those functions whose ex-
tension by zero from I' to Of) has still a bounded H 1/ 2(8(2) -norm. Alternatively, the space
is characterized as the interpolation of Ho( ) and L2(T') with interpolation parameter 1/2,

cf. TOSELLI AND WIDLUND [184, Lemma A.8]. An intrinsic norm for HgéZ(f) is given by
‘ u(x)2 1/2
Il gy, = { oy + . iy ST B (1.26)

where d(x, 8f) denotes the distance from x to the boundary of T, see, e. g., LIONS AND

MAGENES [127, Theorem 11.7]. Obviously, for a closed hypersurface I', the spaces Héé2(F)
and H'/2(T') coincide. We define

HV2(T) = [H (T (1.27)

Note that in the literature, H~1/2(T') is sometimes denoted by ff(;olm(f), and [HY2(I)]* is
often denoted by H~/2(T").
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1.3.1.2 'Trace operators
In the following let €2 be a bounded domain with Lipschitz boundary 0f2.

The Dirichlet trace

Theorem 1.4 (Trace theorem). Let Q be a bounded domain with Lipschitz boundary OSQ.
Then the Dirichlet trace operator g : C*°(Q2) — C>*(9) defined by

YoUu = UjpQ

has a unique continuous extension as a linear operator from H'(Q) to HY/2(9Q), i. e., there
exists a constant Cp > 0 with

lvoullmirzpey < Crllullfing — Yue H(Q).
Proof. See, e.g., MCLEAN [134, Theorem 3.37]. O

Notation. In the sequel we will often write u|gq instead of you, even if u is only from H LQ).

Theorem 1.5 (Inverse trace theorem). Let Q be a bounded domain with Lipschitz boundary
0. Then there exists a linear extension operator £ : H'/2(0Q) — HY(Q) and a constant
Crr > 0 such that

Y0(Eu) = wu, I€ulFn ) < Crrllullgizen — Yue HY?(09),

i. e., £ is a continuous right inverse of vo. The same inequality holds if we replace the norms
by the respective seminorms.

Proof. See, e.g., MCLEAN [134, Theorem 3.37]. O
It is important to note that
Il gr1/2(06) := inf { [l g1 - @ € H'(Q), Upq = u} (1.28)
is an equivalent norm to the H'/2(9Q)-norm, and that the characterization
HY Q) = @) '@ = {ue HY(Q) : ujpq = 0} (1.29)
holds; see, e.g., [134, Theorem 3.40]. In particular, functions from H}(f2) can be extended

by zero to H'(RY).

The Neumann trace Let n : 9Q — R? denote the outward unit normal vector to 9
which is piecewise smooth for Lipschitz domains. For a function u € C*°(Q2), we can define
the normal derivative

nu = o= Vu-n, (1.30)

also called Neumann trace of u. This definition can be directly extended to H?-functions,
but not to arbitrary H'-functions. Solutions to the potential equation, however, do have a
well-defined Neumann trace. For u € D'(Q2) we define the distributional Laplacian Au by

(Au, v) := (u, Av) Yo € C3°(92) .
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Q ext

Figure 1.3: Interior domain €, exterior domain Q®** and the two outward unit normal vector
n and n®* to the boundary T.

Theorem 1.6. Let f € (HY(Q))* and let u € H () be a solution of
—A’U, = f7
as an equation in (H'(Q))*. Then, there exists a unique functional g € H—'/2(0Q) such that

(Vu, Vo)rzi) = (f,v)a+ (g, 700)ae Vv e H'(Q),

and
9l zr-1/200) < € (Il oy + 1l o- ) -

Proof. See, e.g., [134, Lemma 4.3]. O

It is important to note that, in general, the functional g, which is the generalization of
the normal derivative, depends not alone on u, but also on f € (H'(Q))*. If f is clear from
the context, we write yiu := g.

If f e L?),i.e., Au € L?(), we have
(Vu, Vo)r2) = (—Au, v)12(0) + (g, Y0v)ae Yo € H(Q).

This is Green’s first identity which is known to hold for u, v € C*°(Q2) with ¢ = y;u. The
discussion shows that g depends only on u, and that the Neumann trace operator ~; is
continuous as a linear operator

i+ HA(Q) — H7V2(09)

where

HA(Q) = {u e H'(Q) : Au € L2(Q)}.

An alternative argument is that if f € L?(Q), the gradient Vu is in H(div, Q) and therefore
its normal trace Vu - n is well-defined in H~'/2(9Q); see, e. g., GIRAULT AND RAVIART [69)],
MONK [136].

The conormal derivative (AVu)-n can be generalized in a similar way, using the equation
—div (AVu) = f, see [134, Lemma 4.3].
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Exterior traces Let 2 be a bounded Lipschitz domain with Lipschitz boundary I' and
outward unit normal vector n, and set Q! := R?\ Q. Let furthermore C5°(Q) denote the
space of restrictions of functions from C§°(R?) to €, i.e., the functions can have non-trivial
values at 0§ but they need to have compact support in R%. Let n®* := —n denote the unit
normal vector on I' pointing into €2, i.e., the outside of Q| cf. Figure 1.3. Similarly to the
interior case, we define the trace operators

A @) = ¢ u s (1.31)
< xt ou ~
e t CO (ﬁe ) — LQ(F) U= W = VU‘F . ne t (132)
The space L?(I') is justified here, because the gradient Vu is C*°(I') ¢ L?(T") and n®*' is
L>(T). Note, that the alternative definition y$*'u —% is used often in the literature.
The exterior Dirichlet trace operator can be continuously be extended to
< HLQY - HY2(D). (1.33)

As in the interior case, 7§*" is surjective and there exists a continuous right inverse. This

is intuitively clear, because we can restrict the function u to a suitable subset of Q™' and
apply the interior trace theorem. This way, also functions from lOC(QeXt) have a well-defined
Dirichlet trace. For details see, e. g., SAUTER AND SCHWAB [164, Sect. 2.6] and the references
therein.
Applying MCLEAN [134, Lemma 4.1] we find that for each function u € H' (") satis-
fying the equation
—Au =0 in Q%

to be read in the distributional sense, there exists a unique functional g € H~'/(T) with
satisfies
(Vu, Vo) r2ey = (g, Y\ Yo e H' Q%)

However, in general solutions to exterior boundary value problems are not in H'(Q%) but
only in Hl _(Q°%). In order to make use of Green’s identity, we need to prescribe a radiation
condition, i. e., some assumption about the behavior of the solution at infinity. We will return
to this issue in Section 1.4.

More notes on traces With the Dirichlet trace being defined on the whole of I', it is also
well-defined on any part I of the boundary T', as a function in H*/ 2( ). As stated before, the
restriction of the Neumann trace from H~ 1/2( ) is well-defined as a functional in H_l/z( ),
i.e., with test functions from HééQ(f).

Notation. We write w(l)nt, 7t if we want to emphasize the use of the interior trace operators
Y0, 71- We will often write wr as a short hand for ity or 4§y when the context allows

to do so, and we write U for the restriction of a function u from H' to the hypersurface
T c 9Q.

1.3.1.3 Friedrichs and Poincaré type inequalities

Friedrichs and Poincaré type inequalities are powerful tools for the analysis of variational
problems, finite element approximations, and domain decomposition methods. They can be
derived from the following general result.
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Theorem 1.7. Let € be a bounded and connected domain with Lipschitz boundary 0. Let
¥ HY(Q) — R a bounded linear functional which reproduces the constants, i. e.,

z2€P(Q), Y(2) =0 = z=0.

Then
1/2

el oy = {3 gy + ¥ (w)?}

is a norm on H'(Q) equivalent to || - |1 (qy. Furthermore there exists a constant Cy > 0
depending only on ) and on v such that

lull 2y < Cylulm@) — Yue HY(Q), ¢(u) =0.
Proof. The proof is performed by reductio ad absurdum using an embedding argument due

to Rellich; see e.g., BRENNER AND SCOTT [26, Sect. 5.3], NECAS [137], and also TOSELLI
AND WIDLUND [184, Theorem A.12]. O

Theorem 1.8 (Friedrichs’ inequality). Let Q be a bounded Lipschitz domain and let T'p be
a connected part of OQ with positive surface measure. Then there exists a constant Crp > 0
depending only on 0 and T'p such that for all u € HY(Q) with ur, =0 we have

lullz2) < Crlulpiq) -

Proof. Follows from Theorem 1.7 by setting ¢ (u) = fFDuds, cf. TOSELLI AND WID-
LUND [184, Lemma A.14]. O

Theorem 1.9 (Poincaré’s inequality). Let Q be a bounded Lipschitz domain. Then there
exists a constant Cp > 0 depending only on Q2 such that for all u € H*(Q) with fQ udr =0,
we have

ullr2@) < Cplulpi(q)-

Proof. Follows from Theorem 1.7, see BRENNER AND SCOTT [26, Sect. 5.3] or TOSELLI AND
WIDLUND [184, Lemma A.13]. O

Note that since constants Cr and Cp stem from a reductio ad absurdum, we only know
about their existence, but nothing on their magnitude. For a certain class of simply shaped
domains, such as simplices, rectangles, hexagons, star-shaped domains, etc. some direct
proofs with explicit constants exist; see, e.g., MICHLIN [135], ZHENG AND QI [194]. Never-
theless, the dependence of C'r, C'p on the size (i.e., the diameter) of {2 can be made explicit
using a simple scaling argument.

Corollary 1.10. There exist a constant Cr>0 depending on ) and I'p but not on the size
of Q, and a constant Cp > 0 depending only on the shape of Q such that

lullz2@) < Cr (diam Q) |ul g1y Vue H'(Q), wr, =0, (1.34)

lull 2@y < Cp (diamQ)|u|H1(Q)—|—|Q|_1/2‘/udw) vue HY(Q). (1.35)
Q
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Proof. The proof is easily worked out by an argument called dilation. We represent the
domain € as a transformed domain §2 of unit diameter by a simple scaling of the coordinates.
The L?-norm and the H'-seminorm scale differently because of the derivatives in || H1()- For
a detailed presentation see TOSELLI AND WIDLUND [184, Sect. 3.4]. To show (1.35) we apply
Theorem 1.9 (with the dilation argument) to the function uw — @ where @ = |Q|™! [, u da:
lull2@) < llu =l + [l < Cplulmya) + 1921V [l

O

Remark 1.11. In particular for Poincaré’s inequality it is essential that €2 is connected. The

inequality does in general not hold for sets with more than one component.

Corollary 1.12. Let Q be a bounded Lipschitz domain. Then the following (squared) norms
are equivalent,

1
lultp ) + (dam Q)2 ull72 (0

1
\U|12L11(Q) T TamQ ”UH%Q((?Q) ;

1 2
2
SR d
bz @) + 09| diam Q (/m b 5) ’

and the equivalence constants depend only on the shape of €.

Proof. Follows from a variant of Theorem 1.7, see TOSELLI AND WIDLUND [184, Lemma A.17],
and a dilation argument. O

Lemma 1.13 (Bramble-Hilbert). Let 2 be a bounded and connected domain with Lipschitz
boundary 0. Let ¢ : H'(2) — R be a bounded linear functional which satisfies

[W(w)] < Cyllullme — Yue H(Q),
for some Cy, > 0, and vanishes on the constants, i. e.,
P(z) = 0 Vz e Po(Q).

Then we also have

[W(w)| < CyCplulgia) — Yue HY(Q),
where Cp is the constant from Theorem 1.9.
Proof. For the proof of the original more general result on functions in H*(Q) for domains
that satisfy a strong cone condition see BRAMBLE AND HILBERT [17], for a proof on domains
which are star-shaped with respect to a ball see BRENNER AND SCOTT [26, Lemma 4.3.8].
Here we give a proof (for the case k = 1) using Poincaré’s inequality: Due to the linearity
and boundedness of ¥ we have

W)l = [Plut2)] < Cpllutzlme  VzeP(Q),

i.e., for all constant z. Choosing z := ﬁ fQudac we have fQu 4+ zdx = 0, and Poincaré’s
inequality yields [|u + z| g1(q) < Cp lu+ 2|g1(q) < |ulmi(q) - O

Remark 1.14. The dependence of the factor Cy Cp in Lemma 1.13 on the diameter of {2
can be made explicit by dilation.
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1.3.2 Variational formulation

We start with the potential equation from Section 1.2 in classical form for the case of two
subdomains: Find u € C(Q) with u € C2(;) NCH (2 U Ty N ;) UTp) for i = 1, 2, such
that
—div[AVu] = f in; i=1,2,
(AVu)-n1+ (AVu)-ng = 0  onTyg,
U|FD = gp oOn FD,
(AVu)-n = gy onTy.

(1.36)

We call solutions of (1.36) classical solutions. Multiplying the first equation by a trial
function v, integrating subdomain-wise, using integration by parts, the interface conditions,
and the boundary conditions, we obtain the variational formulation: Find u € H'(Q) with
ur, = gp such that

a(u,v) = (F,v) Vo € HH(Q), (1.37)

where

Hp(Q) :=={ve H(Q) : v, =0},
with the bilinear form a(-, -) : H(Q2) x H'(2) — R defined by

a(u, v) = /Q(AVU) -Vodz,

and the linear form F : H'(2) — R defined by

(F, v) ::/fvdx—i-/ gnvds.
Q I'y

We call solutions u of (1.37) weak solutions to (1.36). If a weak solution and the data A, f,
gp, gn are sufficiently smooth, the weak solution is also a classical solution. Note that the
case of multiple interfaces is straightforward.

In the following, we assume with out loss of generality that gp = 0. Indeed, if gp # 0 we
can homogenize (1.37) by choosing an arbitrary extension § € H'(Q) with girp, = 9p- Such
extensions must exist due to Theorem 1.5. If we solve

CL(’LL(], U) = <F7 U> - a(gv ’U) Vv € HB(Q) ) (138)
—_—
=:(F,v)

for ug € H},(9), the solution u of (1.37) is given by u = g + ug. Obviously, Fe (HE ()"

Lemma 1.15. Let the Dirichlet boundary T p be of positive surface measure, A € (L>(Q))4*4,
feL*Q), gp € H/*(Tp), and gy € L*(I'y). Furthermore, assume that there exist uniform
bounds of the coefficient matriz, i. e., there exist constants o, & > 0 with

alp* < (A@@)p)-p < alp for all p € R? and almost all x € Q.
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Then the bilinear form is elliptic (coercive) and bounded on H}(Q), i.e., there exist con-
stants c,, ¢q > 0 with

=)
—~
<

<
N—
v

Ca ”UH%P(Q) Vo € Hp(9),

a(u, v) < Callullpr) llvllm o Vu, v € Hp(),
and the linear form is bounded, i. e., there exists a constant cg > 0 with
(F,v) < EFHUHHl(Q) Yu € H})(Q)

Proof. The ellipticity of a(-, -) follows from our assumptions on A and from Friedrichs’
inequality. The boundedness of a(-, -) and (F, -) follow basically using the Cauchy-Schwarz
inequality. O

1.3.3 Existence of unique solutions to abstract variational problems

Let V be a Hilbert space and let a(-, ) : V x V' — R be an elliptic and bounded bilinear
form, and F' € V*. For the time being, V, a(-, -), and F' can be arbitrary, but we keep our
model problem in mind. Consider the abstract variational problem: Find u € V such that

a(u,v) = (F,v) YoeV. (1.39)

Theorem 1.16 (Lax-Milgram). Let V be a Hilbert space. Let a(-, -) : V. xV — R be
an elliptic and bounded bilinear form, and let F € V* be a bounded linear form. Then the
variational formulation (1.39) has a unique solution uw € V which fulfills the a priori estimate

1 1
—1Fllv+ < lully < —I[IFllv-,
Ca c

=a

where ¢, and ¢, are the constants of ellipticity and boundedness of a(-, -), respectively.

Proof. Follows directly from the variational problem, the ellipticity and boundedness, and
the definition of the dual norm, see, e.g., BRENNER AND SCOTT [26, Sect. 2.7]. O

Lemma 1.15 shows that the assumptions of the Lax-Milgram theorem are fulfilled. Hence,
under suitable assumptions the potential equation (1.36) has a unique weak solution.
Introducing the operator

AV -V ruw—alu,-), (1.40)

we can rewrite (1.39) as operator equation: Find u € V such that
Au = F in V*. (1.41)
The operator A is linear and elliptic. The statement of the Lax-Milgram theorem can be

generalized to nonlinear strongly monotone and Lipschitz continuous operators; for a proof
see ZEIDLER [193].
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Theorem 1.17 (Zaranthonello). Let V' be a Hilbert space. Let the operator A:V — V* be
strongly monotone, . e., there exists c4 > 0 with

(Au) — A(v), u —v) > cyllu—v|3 Yu,veV,
and Lipschitz continuous, i. e., there exists ¢4 > 0 with
[A(u) = A()|lv+ < Callu—vlly  Yu,veV.
Then, the (nonlinear) operator equation
A(u) = F in V* (1.42)

has a unique solution u € V.

1.3.4 Galerkin’s method

Let V' be a Hilbert space with a closed subspace Vy C V, and let ¢ € V. We consider the
abstract variational problem: Find u € Vj := g + Vj such that

a(u,v) = (F,v) Yo eV, (1.43)

with the bounded and Vp-elliptic bilinear form a(-, ) : V. x V — R and F € V. Galerkin’s
method is as follows. Choose a finite dimensional subspace Voh C Vo and consider the
projected problem: Find u; € Vgh := g + V" such that

a(up, vp) = (F, vp) Yoy, € V. (1.44)

The following a-priori estimate (see, e.g., [26, Sect. 2.8]) states that the discretization error
is controlled in terms of the approximation error of the space V",

Lemma 1.18 (Céa). Let u € Vy be the solution of (1.43) and let up € V' be the solution of
(1.44). Then we have

[
lu—uplly < == inf flu—ovplv,
Ca thVg}L

where ¢, and ¢, are the constants of Vy-ellipticity and boundedness of a(-, -), respectively.

In the case that the bilinear form is symmetric and F' € V*, the solutions u of (1.39) and
up, of (1.44) are characterized via the Ritz energy functional,

J(v) := 3a(v, v) — (F, v), (1.45)
and the following result (cf., e.g., BRENNER AND SCOTT [26, Sect. 2.5]).

Lemma 1.19. Let V be a Hilbert space, let a(-, -) : V x V. — R be symmetric, bounded,
and Vy-elliptic, and assume F € V*. Then the solutions u and up of (1.39) and (1.44),
respectively, fulfill

u = argminJ(v), J(u) < J(up),
veEVy
up, = argminJ(vp), a(up, up) < a(u,u).

(NS Vgh
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1.4 Boundary integral equations

In this section we embrace the concept of boundary integral equations and Steklov-Poincaré
operators. Using fundamental solutions, the partial differential equation on a domain can be
reformulated in terms of integral equations on the boundary. For a comprehensive discussion
see, €. g., MCLEAN [134], SAUTER AND SCHWAB [164], or STEINBACH [175].

1.4.1 Boundary integral operators and the Calderdn system

Let Q C R? (d = 2 or 3) be a bounded domain with a simply connected Lipschitz boundary
I' := 9. In the following we consider the interior Q" := Q and the exterior Q¢ := R4\ Q
of I'. Let n and n®™* denote the outward unit normal vectors on I' pointing into Q%' and
Q" respectively, see Figure 1.3 on page 20. We consider the interior and exterior Laplace
problem

—Au = 0  in Q"™ (1.46)
—Au = 0  in Q% (1.47)

respectively. A fundamental solution to (1.46) and (1.47) is given by

—ilog]a:—y] for d = 2,

U*(x,y) = 27{ 1 (1.48)

e for d =3,

Am |z =yl
see, e.g., EVANS [53], MCLEAN [134, Theorem 8.1]. In fact, in two dimensions, we could
use 1/(27)log(r/|x — y|) for any r > 0. Note that for other classes of domains, such as the
half space R9~! x R* or the domain R?\ {0}, other fundamental solutions must be used, cf.
COSTABEL AND DAUGE [40].

As mentioned in Section 1.3.1.2, exterior problems require special care. Solutions to
(1.47) are in general only in the space H (%) and in order to make use of Green’s
identity we need a radiation condition. To this end we follow an approach by COSTABEL
AND DAUGE [40], see also MCLEAN [134, pp. 234ff].

Lemma 1.20. Let u € D'(Q%) fulfill equation (1.47) in the distributional sense, and let
U*(z, y) be a fundamental solution for the Laplace operator on Q. Then the distribution u
is in C®(QY), and there exists a unique function Mu € C>®(R?) such that for each bounded
Lipschitz domain Qq with R%\ Q* is compactly contained in Q1

(Mu)(z) = / U*(z, y) ¥$u(y) dsy — / ’yf(;U*(:p, y) u(y) dsy Vo e Q.
o o

Proof. See MCLEAN [134, Theorem 6.4 and Lemma.7.11]. O

In particular, the lemma ensures that solutions u of (1.47) with 4§y € HY/?(T) are in
HL (9%%). Furthermore, —AMu = 0. The radiation condition we will use throughout reads

Mu = 0, (1.49)

and it is characterized by the following lemma.
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Lemma 1.21. Let u € D'(Q%Y) fulfill equation (1.47) in the distributional sense. Then the
following statements hold.

(i) If d =3, Mu =0 if and only if

u(z) = O(|Jz|™1) as |x| — oo.

(ii) If d =2, Mu =0 if and only if there exists a constant b such that

u(z) = blog|z| + O(Jz|™1) as |x| — oo.

(i1i) If d = 2, then u(x) = O(1) as |x| — oo if and only if there exists a constant b such
that
u(z) = b+ O(|z|™1) as |x| — oo.

In this case Mu = b.

Proof. See MCLEAN [134, Theorem 8.9]. O

If the radiation condition (1.49) holds, each HL (%) solution of (1.47) exhibits a well-
defined Neumann trace 7§y € H~Y2(I"), cf. MCLEAN [134, Theorem 7.15], which fulfills
the identity

(Y&, ) = o Vu-Vedr Vo€ CP(Qet). (1.50)

In order to come up with integral equations that characterize the solutions of the interior
and exterior Laplace problem, we define the single layer potential operator V : H—1/ 2T) —
H'Y2(I'), the double layer potential operator K : H'/2(I') — H'Y/2(I'), and the hypersingular
integral operator D : H'/2(I') — H~Y2(T") by

(V1)) = /U*(as W) t(y) ds,,
/U* z,y) u(y) dsy, (1.51)

8ny

(Du)(x) = 8% TnyU z, y) u(y) dsy,

where z € T'. The adjoint double layer potential K : H=/2(I") — H~'/2(T) is given by

(KTt)(x /87%(]* x,y)t(y)dsy . (1.52)

The integral representations for V', K, and D in (1.51) are to be understood as weakly
singular, Cauchy singular, and hypersingular surface integrals, respectively; for details see,
e.g., STEINBACH [175]. Note also, that H/?(I") and H~'/2(T) are dual to each other as long
as I' is a closed hypersurface. The following assumption is needed for the ellipticity of the
single layer potential operator V' in two dimensions.
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Assumption 1.22. Throughout this work, we assume that
diam Q) < 1 if d=2,
which can always be obtained by a simple scaling of the coordinates.

In two dimension, instead of scaling one could also use an alternative fundamental solution
U*(z,y) =1/(2m)log(r/|z — y|) with a suitably chosen parameter r > 0, cf. MCLEAN [134,
pp. 264f].

The results summarized in the next Lemma can essentially be found in STEINBACH [175],
where the reader can also find the corresponding references to the original papers.

Lemma 1.23. The boundary integral operators defined in (1.51) are linear and bounded
operators with the following properties:

(i) Every weak solution of the interior Laplace problem (1.46) fulfills the Calderdn system

wae) _ (3-K v o
< ’Yintu - D %I—f—KT ’Yintu : (153)
For weak solutions to the exterior Laplace problem (1.47) which fulfill the radiation

condition (1.49), the same equations hold, where we have to take the exterior traces
and flip the signs in front of K and K.

(ii) The single layer potential operator V is self-adjoint and elliptic, i.e., there exists a
constant cy > 0 such that

(Vw,w) > ey Hsz,l/g(F) Yw € H_l/Q(F).

Consequently, the inverse V=1 : HY2(I') — H~Y2(T) is self-adjoint, elliptic, and
bounded, and ||v||y -1 := (V" v, v)'/2 defines a norm on HY*(T') which is equivalent
to ||+l g2y -

(11i) The single layer potential operator V is an isomorphism between the subspaces H*_l/z(l“)

and Hi/Q(F), defined by

H 21 = {w e HVY2(T) : (w, 1p) = 0},

Hi/Q(F) = {v c HI/Q(F) : <V71U, 1r) = 0}' (1.54)

(iv) The hypersingular integral operator D is self-adjoint and there exists an ellipticity
constant cp > 0 such that

(Dw, v)

v

1/2
en [Vl 2y o e HYA(D),

(Dv,v) = eplofig Yo e HY2(I).

Moreover, we have ker D = span{1r}.
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(v) The double layer potential operator K admits the contraction properties

1/2

A —cx)llvllv-r < [GIEKwlv-1 < cexllvfv- Vv e H' (D),
A —cx)llvllv-r < [GI=Kply-+ < vy Yo e H'(I),
0 < NGI+E)plly- < ek lvfly-s Yo e H'2(),
where
1 1 _ (D v, v) 1
=o 4/ e <l1, = f 7’6(0,7»
CK =5 + 1 Co vef}?p(l“) (V-"1u, v) 4
Additionally,
ker(3/ + K) = span{lr}, ker(31 — K) = {Or}, (3] — K)1r = 1r.

Remark 1.24. The constants ¢y and cx do not depend on the size of the domain Q™
but only on its shape. This can be shown by introducing a simple scaling of the domain
and transforming the energy forms induced by D and V. In two dimensions the logarithm
occurring in the fundamental solution yields an additive term in the V-form; nevertheless this
term vanishes for functions in the space H;} /2 (T'). We note that an important contribution
to the contraction properties is the article by STEINBACH AND WENDLAND [177], see also
COSTABEL [39] for a historical remark.

The two boundary integral equations appearing in the Calderén system (1.53) can be
used to solve Dirichlet, Neumann, and mixed boundary value problems in the sense that

we determine the complete Cauchy data (yi™u, vi"®u). We do not go into details here,

because we will mainly use Steklov-Poincaré operators in this work, which are introduced in
Section 1.4.3. For the corresponding theory and other approaches see, e. g., STEINBACH [175,
Sect. 7].

1.4.2 Representation formulae

With the help of the Cauchy data (yiu, vi"u), the actual solution u € H!(Q) of (1.46)
is given by the representation formula

u(x) = /FU*(x, Y) yilntu(y) dsy — /FvilntU*(L Y) y(i)ntu(y) dsy for z € Q. (1.55)

For the exterior problem (1.47), (1.49) we have

u(z) = /FU*(x, Y) ’yf’“u(y) dsy — /F'yleXtU*(a:, Y) 'ySXtu(y) dsy for x € Q™. (1.56)

For details see, e.g., MCLEAN [134, Theorem 7.5, Theorem 7.12].

1.4.3 Steklov-Poincaré operators

The properties of the boundary integral operators justify the following definition of the
interior Steklov-Poincaré operator S™ : HY/2() — H~Y/2(T') and the exterior Steklov-
Poincaré operator S : HY(I') — H~Y*(I),

S =V (3I+K), sxt=vV-1(1I - K), (1.57)
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which are linear and bounded. We find that for every solution u of (1.46) we have "y =
Sintyinty, and for every solution u of (1.47) we have 'y = Sy, In other words,
St (resp. S) is the Dirichlet to Neumann map for the interior (resp. exterior) Laplace

equation. Furthermore, the Calderén system (1.53) yields the symmetric representations

S™ = D+ (31 + K"V 131+ K),

1.58
S = D+ (3I-KHV1(iI-K), (1.58)

which imply that S and S are self-adjoint operators. We define the interior energy form

QQyint (u, 1}) = / Vu - Vvdx for u,v € Hl(Qint) .

Qint

Due to Theorem 1.6,
(8%, w)r = agin (u, w) Yw e HY QM) (1.59)

where u € H'(Q2™) solves —Au = 0 (in the distributional sense) and ur = v. Using the
minimizing property Lemma 1.19, we obtain that

(Smty, v) = min  agqine(u, u), (1.60)
u€H (Qint)
’LL‘F:’U

see also STEINBACH [175]. The function @ where the minimum is attained is called harmonic
extension of u from T' to Q"
For the exterior problem, we can show a similar minimizing property. We define the
linear functional
ey i={ [ [Vu@Pdos [ Juo)?
Qext Qext

dr 11/2
—x} for u € HL (Q%),

p(z)

—ext

where p(z) = |z|? if d = 3 and p(x) = |z|? (log|z|)? if d = 2, and we assume that 0 ¢ Q.
The subspace
HYQ™) = {v € Q™) : flully1 o) < o0}

equipped with || - || g1 (qext) as norm is a Hilbert space because it is equivalent to a weighted

Sobolev space. Furthermore, one can show that C§°(2ext) is dense in H}(Q%). Obviously,
the solution u to our exterior problem subject to the radiation condition is in H}(Q). By
a density argument, one can even show that | - |1 (qext) is a norm equivalent to || - || g1 qext)
on H!(Q%), Consequently, we have existence and uniqueness of the variational problem to
find u € H(Q) with some prescribed Dirichlet data such that

agext(u, w) = 0 Yw € H} (Q%Y), wp =0.

where
agqext (U, w) := / Vu - Vwdzx for u, w € H}(Q%™)
Qext
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denotes the exterior energy form. Finally, an application of Lemma 1.19 yields

(S, v) = min  agext(u, u). (1.61)
UEHi (Qext)
UIF:’U

For details, see LUNG-AN AND YING [128] and SAUTER AND SCHWAB [164]. Summarizing,

if u solves the interior Laplace equation or the exterior one with the radiation condition,
then

<Sint7(i)ntu7 ’Y(iJntu> = aqint (u7 U) ) (1 62)
(S5, 45 M) = ages (u, u), |
respectively. Moreover, (1.57) implies
(V7o v) = (S0, v) + (8, v) Yo e HY2(T), (1.63)
and if u solves (separately) the interior and the exterior Laplace equation, we have
(V7 u) = agine(u, u) + ages (u, u) . (1.64)

One can quite easily show that the semi-norm induced by S™ is equivalent to the V~1I-
norm on the subspace Hi/ 2(F), and that there are similar estimates for the S°** norm.
The following lemma which summarizes results by STEINBACH AND WENDLAND [177] and
COSTABEL [39] gives such estimates with more or less explicit constants which depend only
on the shape of T

Lemma 1.25. (i) The following estimates hold for the Steklov-Poincaré operators:

(1—cx) (V7o v) < (St/exty o) < e (V1u, v) Yo e HYA(T),
(1—cg) (V7Iv,v) < (S0, ) < (V=1 v) Yu € Hl/Q(F),
0 < (Snty v) < ex (V7o v) Yo e HY/?(T),

with the contraction constant cx > 0 from Lemma 1.23(v). In particular, S™* is H'/?(T)-
elliptic and S™ is HY'*(T)-elliptic with ker S™ = span{1r}.
(ii) Poincaré’s fundamental theorem holds (cf. COSTABEL [39)):

(S5 y, v) < —E _(ginty ) vwe HYA(D),

1—cg
(§mty, v) < T oo CKC (S, v) Yo € HY2(I),
—CK

where cx /(1 — ci) > 1.
(iii) For v € HY*(T), the decomposition v = v + volr with vy € R and ¥ € Hi/2(F) is
unique and orthogonal in the inner products induced by V' and S,

(V7% v1p) = 0, (8%, voly) = 0.

(iv) For all v € HY*(T'), we have

1— ) -1 1 2
CK <SeXtU, U> < <Smt’U,’U>+ <V v, F) CK

Sext .
CK - (V-"1p,1r) = 1-cx (50, v)
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Proof. The proof follows mainly from Lemma 1.23. We start with (iii): For v € H'/?(T),
the relations v = v — volr and (V~!(v — volr), 1) = 0 imply

<V_1U, 11’*)

VI 1p) 159

Vo =

which proves the uniqueness of the decomposition. Using that (%I —K)1p = 1p (Lemma 1.23(v))
we obtain

S =V (3T - K)1pr =V~ 11rp, (1.66)

and thus
(S volr, ) = (V uolp, 0) =0,

which proves the orthogonality in (iii).
Part (i): Forv € oY 2(F), the Cauchy-Schwarz inequality and the contraction properties
stated in Lemma 1.23(v) yield

<Sint/ext,u’ v) = <V—1(%I + K)v,v) < ||(%I:|: K)vlly-1[[olli—y < exllv]3 - -
On the other hand, for all v € Hi/z(l“) we have
(simt/exty ) = (VAT + K)v, v) = (Vo, 0) — (VAT F K)o, v)
> (V"o 0) = exlloflfo 2 (1= ex)(V o, ).

The inequalities on the full space H'/2(T") can be derived using the decomposition (iii) and
the mapping properties of (%I + K), see Lemma 1.23(v).
Statement (ii) is an immediate consequence of (i). Since cx € (3, 1) one easily proves

cx/(1—ck) > 1.
Finally, with the decomposition from (iii) and formula (1.66) we obtain

(8, v) = (ST, T) + (S volr, volr) = (S™'0, v) + (V_l volr, volr) .

Using formula (1.65), Poincaré’s fundamental theorem (ii), and c¢x/(1 — cx) > 1, we can
easily show the desired estimates (iv). O

To summarize, we have
(S™ v, 0) =~ [y, (S0 0) = ol Vo€ HYA(D),

where in two dimensions we have to fix diamI' < 1.

1.4.4 Newton potentials and Dirichlet-to-Neumann maps

Let Q be a bounded domain with Lipschitz boundary I' and let f € H=1(Q) = (H}(2))*
and let u € HZ () be the weak solution to

—Au = f in Q,

u =0 onI.
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Due to Theorem 1.6, there exists a unique functional g € H~'/?(T") which depends on f,
such that
(Vu, Vo)p20) = (f,v)a+{g,v)r Vo HY(Q),
which generalizes the normal derivative %. We define the Newton potential N by
N:HYQ) — H YD) : fs —g. (1.67)

In other words, N f gives the negative flux induced by the source f subject to homogeneous
Dirichlet boundary conditions. Obviously, the Newton potential is linear and continuous,
see also STEINBACH [174].

The complete Dirichlet to Neumann map corresponding to the boundary value problem

—Au = f in 2,

U = ¢gp onI'
is given by
int Ou int
gp — N u:%:S gp— N f. (1.68)

1.5 Discretization techniques

1.5.1 Triangulations

Let Q € R? (d = 2 or 3) be a bounded domain with Lipschitz boundary 0. A triangulation
T = {7} of Q or 99 is a non-overlapping partition into finitely many elements. In this work
we consider only simplicial elements, i.e., line segments, triangles, and tetrahedra. For a
simplex 7 € 7, we set h, := diam 7, and we define p, by the diameter of the largest ball
contained in 7. Furthermore, for a triangulation 7 we set h := max,c7 h,. We introduce
the notions of geometrically conforming, shape-regular, and quasi-uniform triangulations
following TOSELLI AND WIDLUND [184, Appendix B].

Definition 1.26. A triangulation T of Q or 0Q is called geometrically conforming (in
brief: conforming) if the intersection of the closure of two different elements is either empty,
a vertex, an edge, or a face that is common to both elements.

A family of triangulations T" of Q or 09 is called shape-regular if there exists a constant
C > 0 independent of h such that

hy < Cp, VreTl.

A family of triangulations T" of Q or O is called quasi-uniform if it is shape-reqular and
if there exists a constant ¢ > 0 independent of h such that

hy > ch NreTh.

Notation. For a given triangulation 7"(Q), let Q" denote the set of nodes (vertices) of the
triangulation, including the nodes on the boundary 92, and let Q" denote the set of nodes of
the triangulation that lie on 0Q2. Finally, we define the set of Dirichlet nodes Ffb =a0"NTp
(note that T'p is relatively closed). A typical node will be denoted by z".
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1.5.2 Finite element method

In this subsection we briefly show the concept of the finite element method. For more details
we refer the reader, e.g., to BRAESS [16], BRENNER AND SCOTT [26], CIARLET [35], and
ZULEHNER [196].

1.5.2.1 Formulation

In this work we consider mainly linear finite elements. For a given family of triangulations
T"(Q) of Q, we define the family of spaces

ViHQ) = {velC®):v, ePi(r) YreT"(Q)}, (1.69)

where Py is the space of affine linear polynomials. It can be shown that V(Q) c H'(9).
For each node z" € Q" define the nodal finite element basis function p,» € V*(Q) by

1 for y" =M,

P (y") = { 0 olse. (1.70)

Then, {¢ n}neqn is a basis for V.

The mixed boundary value problem Let I'p be a relatively closed part of 92 with
positive surface measure and set I'y = 09 \ I'p. Consider the variational formulation of
the potential equation with homogeneous boundary conditions on I'p. For simplicity, we
choose the coefficient in the PDE equal to one although everything works for more general
coefficients. The infinite-dimensional problem reads: Find u € H}(f2) such that

a(u,v) = (F,v) Vo € HH(Q), (1.71)

where H},(Q) = {v € H'(Q) : yp,, = 0} and
a(u,v) = /Vu-Vvdw, (F,v) = /fvdx+/ gnvds.
Q Q INY

The corresponding Galerkin equation reads: Find up, € VA(2) such that
a(un, vn) = (F,vn) VYo, € VH(Q), (1.72)

where VA(Q) := V*(Q) N HL(Q). We introduce a suitable enumeration of the nodes, Q" =
{z1,...,Zny}, such that the nodes on I'p are given by {zpp+1,...,Zny}. Consequently,
{©1,- -+ Pnp} is a basis for VA(Q). Furthermore, we define the stiffness matriz K and the
load vector f by

K;; = a(gpx]., ©r:) fi = (F, oz,) fori, j=1,...,np. (1.73)

We can transform equation (1.72) to the following system of linear equations: Find u € R™F
such that

Ku = f. (1.74)
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Due to the fact that the basis functions have local support and due to the structure of the
bilinear form a(-, -), the stiffness matrix is sparse, i.e., there are only a few non-zero entries
per row. The solution uy, is finally given by

ng
up = E u; Pz, -
=1

Note that the homogeneous Dirichlet boundary conditions are fulfilled automatically because
the basis functions corresponding to the Dirichlet nodes are excluded. The entries u; of the
coefficient vector u are associated to the nodes z; and called degrees of freedom (DOFs).
The map between uj;, and u is one-to-one and called Ritz isomorphism.

Later on in this chapter we will make use of the full stiffness matriz K and the full load
vector f defined by

Kij = a(cpzj, Vz,) fi = (F, ¢z,) fori, j=1,...,nn, (1.75)

i.e., incorporating the complete set of nodes and basis functions. When the context allows
we may drop the bars.

The pure Neumann problem IfI'p =0, i.e, I'y = 01, the continuous problem is not
uniquely solvable. Testing the variational equation with the constant function 1q we obtain
the compatibility condition

/Qfda:+/mgNds = 0. (1.76)

Let us assume that the data (f, gn) fulfills this condition, then the solution is unique up to
an additive constant. A particular solution u can be found by applying some gauge, e. g.,

/udm =0, (1.77)
Q

or alternatively, [, aq wds = 0. Using the regularized bilinear form

a(u, v) = alu, v)+ﬁ/gud:z:/gvdx, (1.78)

for some regularization parameter § > 0, the Galerkin equation a(u, v) = (F, v) is always
solvable, and if the data (f, gn) fulfills the compatibility condition, the solution fulfills the
gauge condition (1.77).

The same concept carries over to the discrete setting. The stiffness matrix K (which
coincides with the full stiffness matrix) has a kernel of dimension 1 and is spanned by the
vector 1 of ones. To obtain a unique solution we can use the modified stiffness matrix K
corresponding to the bilinear form a(-, -). However, this might affect the sparsity of K.
Alternatively, we can use any discrete regularization,

a(up, vp) := a(up, vy) + Bp (up, 1Q)’Rh (Vp, 1Q)Rh Yup, vy € Vh, (1.79)
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for some 3}, > 0 where (-, )z, : V* x V* — R needs to be SPD only on span{1q} C V"(Q).
For instance we can use

(Unh, Vp)R, = uh(yh)uh(yh), or (U, vp)R, = / up, ds / v, ds, (1.80)
L L

for a vertex y"* € Q" or a curve L C ;. In three dimensions, vertex regularizations might
cause numerical stability problems. No matter which regularization we take, K~! is a pseu-
doinverse of K.

1.5.2.2 Properties of the stiffness matrix

Let us consider again the mixed boundary value problem with a non-trivial Dirichlet bound-
ary I'p. With the Ritz isomorphism uj < u, vy <> u we have that

a(up, vp) = (Ku,v) Yun, vy € VB(Q),

from which we that properties of the bilinear form a(-, -) (such as symmetry, SPD, etc.)
carry over to the stiffness matrix K. In can be shown that for a quasi-uniform triangulation
T"(Q), the spectral condition number #(K) of the stiffness matrix fulfills

k(K) = O(h™?) ash — 0, (1.81)

i.e., it grows with the number of DOFs. The bound is sharp in general; see, e. g., BRENNER
AND SCOTT [26].

1.5.2.3 Solvers for finite element systems

In order to solve a system of the form
Ku = f,

with a sparse stiffness matrix K € R™*™, where n is the number of DOFs, we can use direct
and iterative solvers.

Direct solvers It is known that the complexity of Gauss’ method, the L U-factorization
or the Cholesky-factorization of a dense matrix is O(n%) as n — oo. For sparse matrices
pivoting and reordering techniques can be used to obtain a matrix with small bandwidth,
which enhances the complexity. The optimal complexity of O(n) can only be obtained for
one-dimensional problems or special cases in higher dimensions. However, there exist sparse
direct solvers, such as PARDISO [37], see also SCHENK AND GARTNER [166, 167], with
complexities like O(n3/2) in three dimensions, and O(n log®(n)) in two dimensions. Other
solvers worth mentioning are MUMPS (http://graal.ens-1lyon.fr/MUMPS), UMFPACK
(http://www.cise.ufl.edu/research/sparse/umfpack/), and SUPERLU (http://www.
cs.berkeley.edu/ demmel/SuperLU.html).
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Iterative solvers The most general iterative method is Richardson’s method, where a
successive application of the matrix (which can be performed in optimal complexity if the
matrix is sparse) leads to an approximate solution of the system. The number of steps in
order to obtain a certain precision is strongly depending on the spectral condition number x
of K. For SPD systems, the conjugate gradient (CG) method accelerates the convergence:
After k steps the error in the energy norm (induced by K) decays at least by a factor

2 (V)

In the non-symmetric case, methods with similar properties exist, named Krylov methods.
However, we have seen that x(K) ~ h~2 ~ n?/¢ for a quasi-uniform mesh. In order to
obtain better convergence we can seek for a preconditioner C whose inverse can be applied
in optimal complexity such that x(C~! K) is much smaller than x(K), ideally independent
of N and h, or at least only weakly depending on N or h. We can then apply the same
method to the preconditioned system

C'Ku = C'r.

For the CG method, the preconditioner C must be SPD as well, then the method is still
well-defined and can be seen as a CG method working with the inner product induced by
the preconditioner. In that case we speak of the preconditioned conjugate gradient (PCQG)
method.

Solving the pure Neumann problem As discussed above, the stiffness matrix corre-
sponding to the pure Neumann problem is not regular. However, many direct solvers are
capable of factorizing such positive semi-definite matrices correctly. Alternatively, one can
use on of the suggested regularizations, but taking care of the sparsity and the numerical
stability. Using iterative solvers, one can make use of the fact that the application of any of
the suggested regularizions K can be performed in optimal complexity.

1.5.2.4 The approximation error

The approximation error of the space V"(€) is given as follows.
Lemma 1.27. Let T"(Q) be a geometrically conforming quasi-uniform triangulation, and

assume that u € H™(Q) for some m < 2. Then there exists a constant C > 0 depending on
T"(Q) such that

: h m—k .
vhel\r/l’fl(ﬂ) [u—v"gr@y < Ch Ul grm () Vk < min(m, 1) .

The inequality also holds for real Sobolev indices m and k.

Proof. The proof uses a special interpolator, an affine map to a reference simplex, and the
Bramble-Hilbert lemma, cf. BRENNER AND SCOTT [26, Sect. 4.4]. O
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1.5.2.5 The Scott-Zhang quasi-interpolation operator

The following lemma has been shown SCOTT AND ZHANG [170], see also BRENNER AND
ScoTT [26].

Lemma 1.28. For a family T"(Q) of conforming and shape-reqular triangulations of €,
there exists a corresponding family of quasi-interpolation operators TI" : H'(Q) — V()
and a constant Csz > 0 depending only on the shape reqularity constant of T"(Q), such that

(M"up)jpn = un Vu, € V"(09),
T"ul ) < Cszlulma) Vu e H'(Q),
T"ullr20) < Csz llull iz Yue H'(Q),
lu—T"u| ey < Csz B Jul e, Vr e THQ), Yue HEQ), YO< <k <2,

where w; is the union of elements touching 7. The last estimate holds true even for real
Sobolev indices k and {.

Remark 1.29. The construction is somehow related to the quasi-interpolation operator
introduced by CLEMENT [36], which ensures the H!-continuity by averaging over volume
patches. Scott and Zhang use a special basis which is dual to the nodal basis with respect
to the L2-product on elements for nodes in the interior, and on element faces for nodes on
the boundary.

Corollary 1.30 (Existence of a bounded discrete extension). For a family T"(Q) of con-
forming and shape-regular triangulations of 2, there exists a corresponding family of bounded
linear extension operators E" : V'(0) — VM (Q) such that

|5hvh|%11(9) < CZz(S™ v, vn) Vo, € V(09) .
with the constant Csz > 0 from Lemma 1.28

Proof. Let ¥ € H'(2) be the harmonic extension of v, such that (S™tvy,, v,) = ]'17|12L11(Q).
Setting My, := II" T we obtain the desired statement. O

Remark 1.31. An alternative proof of Corollary 1.30 is the following. The discrete trace
theorem (cf. [184, Lemma 4.6]) states that for each function v, € V*(99) there exists a
function v, € V()

|5h|%-11(gk) < Cy |Uh|§{1/2(39)7

for a constant C; > 0 depending only on the shape of €2 and the shape regularity constant of
T"(Q). The desired statement follows immediately since the norm induced by S™ and the
| [g1/2(90)-norm are equivalent. However, the constant in Corollary 1.30 is independent of
the shape of Q as well, which can by very irregular.

1.5.2.6 FEM approximation of the Steklov-Poincaré operator and the Newton
potential

The Schur complement system Let K and f denote the full stiffness matrix and load
vector corresponding to problem (1.72). We reorder and partition the stiffness matrix cor-
responding to interior DOFs (subscript /) and boundary DOFs (subscript B). We split the
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load vector f into two parts f and t. The part t corresponds to the linear form J st - ds,

where t = % is the prescribed normal flux. The part f corresponds to the linear form

fQ f - dx; we partition it into blocks f; and fp similarly to the stiffness matrix. The discrete

FE equation reads a
( Kpp Kpr > ( up ) _ ( fp+t >
K Kjr uy £y .

We now eliminate the interior DOFs u; to obtain the Schur complement system
Sug = Nf+t,
with
S:=Kgpp — Kp/(Ki1) 'K;p, (1.82)
N = [ Ip ‘ - KBI(KH)_I} ; Nf = fp— Kp/(Kp) 'fr. (1.83)
where I is the identity with respect to the boundary DOFs. We can read off the discrete
Dirichlet to Neumann map, t = Sup — Nf. Setting f = 0, which corresponds to the

homogeneous problem, we find that t = Sup. For up = 0, which corresponds to the
homogeneous Dirichlet problem, we find that t = —Nf.

A functional background to the discrete Schur complement system Due to The-
orem 1.6, see also STEINBACH [174], we have

(§mt g w) = a(ug + Eg, Ew) Vg, w e HY?(8Q), (1.84)

where the operator £ is an arbitrary bounded extension operator, e.g., the one from Theo-
rem 1.4, and the function ug € H{ () is the unique solution of

alug+Eg,v) = 0 Vv e HI(Q). (1.85)

Note, that this is also an alternative definition which generalizes the interior Steklov-Poincaré
operator (i.e., the Neumann trace operator) for the case of more general coefficients. We
define the operator

Sint o HY2(0Q) — H™Y2(8Q) ,

. (1.86)
(Shimg, w) = alugy +E"g, EMv)  Yw e HY(0Q),

where E" .= TI"E with the Scott-Zhang quasi-interpolation operator 1", and the function
uo,p € VIH(Q) := VH(Q) N HE(Q) is the unique solution of

a(uo p+Eg,vp) = 0 Vo, € VJH(Q). (1.87)

Apparently, the operator S{;‘}%M is symmetric and positive semidefinite. Combining the proof
of STEINBACH [174, Theorem 3.5] with the approximation properties of the Scott-Zhang
quasi-interpolation operator, one can show that the error (S — S,i?nEtM) g is controlled by the
approximation properties of the trial space Vh(Q) and the Scott-Zhang quasi-interpolation
operator II" for g sufficiently smooth. A careful investigation reveals that the Galerkin
projection of St = to the space V(09) is represented by the Schur complement matrix S
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from (1.82). Note that in general, since the approximation S{;HEM extends to ) by discrete
functions whereas S™ extends by H'-functions,

(St ron, wp) # (S™ uy, wy) for vy, wy, € V(99Q).
With similar means one can show that the operator
Negy : VR(Q)* — VR(0Q)* (1.88)

corresponding to N is a suitable approximation of the exact Newton potential N. For details
see STEINBACH [174].

Minimization property of the Schur complement

Lemma 1.32. The operator SEIEM admits the minimizing property

(S o, vp) = min  a(vp, vp) Yo, € V(0Q). (1.89)
TREVH(Q)
U |9Q=Vh
Proof. Follows from the definition of S and K, and by simple linear algebra. O

1.5.3 Boundary element method

The Galerkin boundary element method is a special Galerkin finite element method applied
to boundary integral equations, cf. HSIAO AND WENDLAND [88]. For a comprehensive in-
troduction we refer to the monographs by RIASANOW AND STEINBACH [158], SAUTER AND
SCHWAB [164], and STEINBACH [175].

1.5.3.1 BEM approximation of S, gext

Recall our setting: € is a bounded domain with Lipschitz boundary T', and Q% := R?\ Q. In
order to get symmetric approximations of the Steklov-Poincaré operators S and S using
discretized boundary integral equations, we consider a triangulation 7"(I") of I'. The leading
role will be played by Calderén’s system (1.53). We approximate the Dirichlet trace i u by
a piecewise linear function uj, € V*(I'). The Neumann trace ™« has two different kinds of
approximations on which we will comment later on. One the one hand, we can approximate
yi"t as a functional t;, € V*(I')* ¢ H~'/2(T), on the other hand, we can approximate it by
a piecewise constant function wy, € Z" ¢ H=1/2(T"), where

ZM0) = {z e H'*(D): 2, €Py VreT'D)}. (1.90)

Introducing a numbering of the nodes z1,...,xy, in I'", and the elements 71,. .. , Tnp ID
T h(F) we obtain bases for the two approximation spaces:

VMI) = span{p;},  ZMT) = span{¢y}}7, . (1.91)

where ; is the nodal basis function being 1 at the i-th node and zero elsewhere, and )y, is
1 on the k-th element and zero elsewhere.
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From (1.58) can conclude that

Stg = Dg+ A+ KT)w,

1.92
Sty = Dg+ (A - KT)u, (1.92)

where

(V™ 2) = (G+K)g.s)  VzeHAD),

(Vw™ z) = (A -K)g,2) Veze HVYD). (1.93)

The Galerkin projection of (1.93) to the space Z"(T') reads: Find wi®, w$** € Z"(T) such
that

Vuwp, z) = (31 +K)g, zn) Yz, € ZMT),

(1.94)
(Vi zn) = (31 = K)g, 2n)  Vzn € ZM(I).

Replacing w'™, w™® in (1.92) by wil®, w$*, respectively, we obtain the approximations S,

Sgtyg + HY2(T) — H=Y2(T) defined by
Siivg = Dg+ (31 + KT )uwi.

o (1.95)
Skinmy = Dg+ (31— KNwp.

According to STEINBACH [174] we have the quasi-optimal error estimate

(5™ =SBl -1y < ¢ inf (1S™g = zu]l gorjey Vg€ HYA(T),  (1.96)
Zn€Z (F)

and the analogous estimate for S®*'. It states that the error is controlled by the approxi-
mation property of the trial space Z"(T"). The Galerkin projections of Spt s SEt o the

space V(T') can be represented in matrix form by

S™ = D+ (3MT +K")VI(GM+K),

S = D+ (M - KT)V*(;M ~-K), (197)
with the boundary element matrices
D;; = (¢, Dyi), Kir = (Yn, K¢i), (1.98)
Vi = (Y1, V), Mz = (Y, ¢i) » (1.99)
fori, j =1,....,nn,and k, [ = 1,... ,np. The approximations SIiS?IEjM and Sgt, are self-

adjoint and semi-elliptic, respectively, elliptic, as the original operators S™/ext In case of
exact arithmetics we preserve the kernel of S™t,

ker Sty = span{1r}. (1.100)
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1.5.3.2 Data-sparse approximation and solvers for BEM systems

Except for the mass matrix M, which is apparently sparse, all the boundary element matrices
in (1.98) are dense (despite the fact that the basis functions have local support). This is
because of the non-local operators involving the fundamental solution; for assembling the
matrices, double integrals have to be evaluated. However, the fundamental solution U*(z, y)
decays exponentially when moving away from the singularity at x = y.

The notion fast boundary element methods embraces techniques to design methods using
this phenomenon in order to realize a fast (i.e., quasi-optimal) application of (approxi-
mate) BEM matrices, or even achieve data-sparse approximation of BEM matrices (i.e.,
quasi-optimal memory requirements). Only with fast BEM, quasi-optimal solvers of BEM
systems become possible. For an overview we refer to STEINBACH [175] and RJASANOW
AND STEINBACH [158] and the references therein. We mention the fast multipole method
(ROKHLIN [159], CHENG, GREENGARD, AND ROKHLIN [33]), the panel clustering method
(HAackBUSCH AND NOWAK [82]), wavelet approximations (SCHNEIDER [168]), and the adap-
tive cross approximation (ACA) (BEBENDORF [6]). The computational complexities and
storage demands are typically O(Nlog N) where N is the number of unknowns on the
boundary.

The data structure for a data-sparse representation is called hierarchical matrixz or H-
matriz using a hierarchy of low-rank approximations, where the maximum rank is bounded.
The class of such matrices induces the so-called H-arithmetic, cf. HACKBUSCH [79], HACK-
BUSCH AND KHOROMSKIJ [81], see also the recent monograph by BEBENDORF [8]. Within
this arithmetic, one can compute an H-LU factorization, cf. BEBENDORF [7], i.e., an ap-
proximate factorization of an H-matrix, where the two factors are again H-matrices. The
factorization can also be done in a O(N log N)-complexity, although it additionally depends
on the maximum rank. We mention the two software packages AHMED (see http://
www.math.uni-leipzig.de/ bebendorf/AHMED.html and BEBENDORF [8]), and Hlib (see
http://www.hlib.org and BORM, GRASEDYCK, AND HACKBUSCH [14]).

1.5.3.3 BEM approximation of the Newton potential

A suitable BEM approximation of the Newton potential N can be found in STEINBACH [174].
In some cases volume triangulations can even be avoided; see, e.g., BERTOGLIO, HACK-
BUSCH, AND KHOROMSKIJ [10], KHOROMSK1J [97, 98], OF, STEINBACH, AND URTHALER [140],
and URTHALER [185]. In this work, however, we will use the boundary element method only
on subdomains with vanishing sources.
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1.6 Spectral estimates for approximate Steklov-Poincaré op-
erators

Lemma 1.33. The following spectral equivalence relations between the exact and approxi-
mated Steklov-Poincaré operators hold.

<Smt,vh, vp) < <S§néM Uy V) < Cg.Z (5™ on, vn) Vo € VA(T)
S(su ) < (SRhyvv) < (S0) Vv & H1A(T)
<S]%)%M U, U> < (SeXt v, U> Vo € HI/Q(F) (1101)
¢ ex ex ke
D(5%t00) < (Sgiyv.v) v € H/A(I)
L(smu,0) < (SEhyv o) v & HAD)
Additionally,
in 1 X
(8™, v) + o ullfyey < Cext (SBEMv v) Vo€ HYAT), (1.102)

(570 0,0) < Clhy (Siiv,0) Yo & HYAT).

ext

The constants cg, cx, and Csz depend only on the shape of I' and the shape reqularity of the
triangulation T"(Q). In three dimensions, Cexy and C', depend as well only on the shape
of T.

Remark 1.34. In two dimensions, the constants Cey and C.,, additionally depend loga-
rithmically on the diameter of I'. Since we have to scale the domain anyway, we can fix the
diameter, e.g., to diamI" = 1/2.

Proof of Lemma 1.33. By (1.60) and (1.89), it becomes clear that
(S™ vp, vn) < (SpEarvn, vn) Vo, € V(D).
The other direction follows from Lemma 1.32 and Lemma 1.30:
(Shon v) < 1€l € Chr (S™vn ) Vo€ VAD). (1109

The following proof of the estimates concerning St - S&t = follows the line in STEIN-
BACH [174]. For the boundary element approximations SE’}EM of the continuous Steklov-
Poincaré operator we can apply Lemma 1.19 choosing Z" ¢ H~'/?(T') as approximation
space, (V -, -) as bilinear form, and ((31 4+ K)v, -) as linear form to obtain that

<V wihnt7 wihnt> < <V wint7 wint) 7 (1‘104)
with the functions w™, wi* from (1.93) and (1.94). Using the identities

(5™ v, 0) = (Do) + (V™™ ™),

in in in (1105)
<SB]§)M v, v> = <vav> + <tht7 wht> )

which follow from (1.57), the adjoint relation between K and K ', and the analogous argu-
ments for the exterior operators S™' and Sgit,;, we finally obtain

<Sgléﬁm v, v) < (ST/exty p) Vo e HY?(T).
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For the opposite direction, we first obtain for v € o) / 2(F),

(BT T, 5) = (DT, B+ (V w, wn)
i (1.106)

> (DU,7) 2 a(VTH,5) = (ST ),
CK
where we have used the ellipticity of V', Lemma 1.23(v) and Lemma 1.25(i). Secondly, using

the V~!-orthogonal splitting v = volr+7 with v € Hi/2 (") and vy € R, see Lemma 1.25(iii),
we get

(SpEar v, v) 2 (Dv,v) = (DF,3) 2 —
CK CK

This finishes the proof of the estimates (1.101).

Now, we prove the two estimates (1.102) of the Sgit,; energy form from below by the S
form and a regularized S™ form on the whole space H'/2(I'). In order achieve this goal, we
recall once again that

<S§%M v,v) = (Dv,v) + (V wp, wp)

with wy, defined by (1.94). We choose wy € R by

<(%I B K)’U, 1F>
(Vip,1p) 7

woy =

which is well-defined thanks to Assumption 1.22. Consequently, we get the relation
(Vwolr, 1r) = ((31 — K)v, 1)

which is the Galerkin projection of equation (1.94) to the one-dimensional subspace
span{lr} c 2Z" c H~'V*(D).

Again, by Lemma 1.19 choosing span{1r} C Z" as approximation space, (V-, -) as bilinear
form, and (31 — K)v, -) as linear form, we obtain

(31 — K)v, 1p)?

_ 2
g Pl LG (1.107)

(Vwp, wp) > (Vwolp, wolp) =

with the linear functional ¥ : H/2(I') — R defined by

<(%I - K)Uu 1F>
(V1p, 1p)1/2

T(v) = for v € HY/2(I).

We observe that U is bounded in the H'/2-norm and, most importantly, that the definition of
U is independent of the discretization parameter h. Furthermore, |¥(v)| defines a semi-norm
that becomes a norm on the constant functions, since for some vy € R with ¥(vply) = 0 we
have

0 = ((AI — K)volr, 1t) = (volr, 1r) = vy - [T,
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thus vg = 0. On the other hand, we obtain from (1.60) and (1.106) that
(Dv,v) > C—O<Sint v, v) = X min \'17]%{1(9) . (1.108)
K K FeH'(Q)
’1’7‘1":1}

Due to Theorem 1.7,

1
[ulfr oy + 19 () = ullfay = Tl o) + g el

where the scaling factor 1/diamT is obtained by dilation from a domain with unit diameter.
Combining this result with (1.105), (1.107), and (1.108) we obtain

(S, v) = (Dv,o) + (Vn, w) > > min {00 + @)}
CK ~ 1
veH(Q)
Fﬁ‘[‘:’U
1 o 1
— ol = (50, 0) + —— [l -

2 min g+
TEH(Q) @7 d
E‘F:U

In other words, there exists a constant Ceyt > 0 such that

in 1 ex
(S v, v) + diam T HUH%Q(F) < Cext (SBEM Y, V) - (1.109)

diam
The constant Ceyy is independent of the discretization parameter h, and in three dimensions
it is independent of diam T, i.e., it depends only on the shape of €. In two dimensions, the
single layer potential V' does not scale linearly due to the logarithmic term in the fundamental
solution.

Finally, due to Lemma 1.25(iv) we have

<V_1U, 1F>2

Sext ~ Sint )
< v, U> < v, U> + <V_11F; 1F>

Since Y(v) := (V~1v, 11)/||1r||y—1 is a bounded linear functional that reproduces the con-
stant functions, we can apply Sobolev’s norm theorem once again and using (1.109) we can
conclude that

<SeXt v, /U> S Céxt<S]%)g‘M v, U) ) (1110)

where C.,, depends (at least in three dimensions) only on the shape of Q.
This finishes the proof of Lemma 1.33. O



Chapter 2

Hybrid one-level methods

This chapter deals with hybrid one-level tearing and interconnecting methods. The term
“hybrid” refers to the coupling of finite elements and boundary elements. The term “one-
level” refers to a special type of coarse space, which in case of the potential equation is
spanned by piecewise constant functions.

We first introduce the concept of non-overlapping domain decomposition together with
continuous and discrete variational skeleton formulations in Section 2.1. There we use the
approximate Steklov-Poincaré operators from Section 1.5.2.6 and Section 1.5.3. The rest of
the chapter is devoted to various one-level methods. In Section 2.2 we discuss two sub-classes
of one-level FETI/BETI methods.

The first sub-class, which we call standard one-level FETI/BETI methods, was introduced
by LANGER AND STEINBACH [118, 119] as a follow-up of a family of one-level FETT methods
proposed and analyzed by KLAWONN AND WIDLUND [109], which builds upon works by
RIXEN AND FARHAT [155, 156] and MANDEL AND TEZAUR [131]. These methods are com-
pletely analyzed, and our presentation basically follows [109, 118, 119] and the monograph
by TOSELLI AND WIDLUND [184].

The second sub-class, which we call all-floating FETI/BETI methods, embraces hybrid
methods which combine the all-floating BETI methods, introduced by OF [138, 139], and
the total FETI methods, independently introduced by DosTAL, HORAK, AND KUCERA [46].
Both approaches follow the same concept of additional Lagrange multipliers which enforce
the Dirichlet boundary conditions. In this sense all subdomains are decoupled from the
Dirichlet boundary, which we call floating. Although the all-floating methods are very close
to the standard one-level methods, there are obviously some technical differences, such as the
additional Lagrange multipliers and the larger coarse space. To the best of our knowledge
the first rigorous condition number estimate for all-floating methods was given in PECH-
STEIN [143].

The scope of Section 2.2 is to give a unified formulation and analysis of all these one-
level methods, with the all-floating methods naturally included, to discuss implementation
details, and to provide some numerical results. In Section 2.3, we finally discuss a special
FETI method, called interface-concentrated FETI, which was introduced by BEUCHLER,
EIBNER, AND LANGER [11], in particular we provide some numerical examples.

47
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2.1 Variational skeleton formulations

2.1.1 Continuous skeleton formulations

Let Q C R? (d = 2 or 3) be a bounded domain with Lipschitz boundary dQ which consists
of a Dirichlet boundary I'p, regarded as a relatively closed manifold, i.e., I'p = I'p, and an
open Neumann boundary I'y, such that 9Q = T'p UT'y and I'p NT'y = 0. The outward
unit normal vector to df2 is denoted by n. We consider the following scalar elliptic model
problem in its weak variational formulation: Find u € H'(Q) with ur, = gp such that

/aVu'Vvdx = /fvdac—i—/ gy vds Yo e Hp(Q), (2.1)
Q Q I'n

where Hp,(Q) := {v € H'(Q) : vjr,, = 0}. For a simple presentation, assume that f € L*({2)
and gy € L*(I'x) and that the coefficient « is piecewise constant. Let {;};—1 s be a
non-overlapping partition of §2 into open subdomains €2; such that

Q =%, QNQ; =0  fori#j, (2.2)
i=1

and such that the coefficient is piecewise constant on the subdomains, i.e.,
g, = o = const > 0 Vi=1,...s. (2.3)

In the following we use the index set Z := {1,...,s} as an abbreviation. We denote the
subdomain boundaries by 0€2;, the corresponding outward unit normal vector by n;, and
we define the subdomain diameters H; := diam §2;. The following assumption ensures that
the subdomains are Lipschitz, and that neighboring subdomains are of comparable size. In
Section 2.2.4 we will additionally introduce stronger assumptions on the subdomain partition.

Assumption 2.1. Each subdomain boundary is Lipschitz and the decomposition (2.2) fulfills
H; < CH H;  fordQ,n09; #0,
with a uniformly bounded constant C’gD > 0.
We define the (pairwise) subdomain interfaces by
Iy = (09n09Q;)\I'p fori#j. (2.4)

We exclude the Dirichlet boundary I'p from the interfaces because no coupling occurs there.
Furthermore we define the interface I' and the skeleton I's by

I:= U Fij y FS = U GQZ . (25)

i#j i€l

We additionally introduce the following topological sets generalizing a concept given in
TOSELLI AND WIDLUND [184, Definition 4.1].



2.1. VARIATIONAL SKELETON FORMULATIONS 49

Definition 2.2. In three dimensions, the skeleton I'g is the disjoint union of

e subdomain faces, regarded as open and connected manifolds, which are shared by two
subdomains or by one subdomain and the outer boundary 052,

e subdomain edges, also regarded as open and connected, which are shared by at least
two subdomains, such that the closure of all edges forms the boundaries of the faces,

e subdomain vertices, which are endpoints of edges.

In two dimensions, the subdomain edges are open and connected sets shared by two subdo-
mains, or by one subdomain and the outer boundary 0S), and the vertices are the endpoints
of the edges.

Notation. We denote faces, edges, and vertices that are part of the interface I' and that are
shared by at least two subdomains €2; and €2; generically by F;;, &;, Vij, respectively. Note
that the index pair (i, j) does not necessarily specify the face, edge, or vertex uniquely, and
that, e.g., V;; can happen to be the same vertex as V;, for k # j. Faces, edges, and vertices
on 0%; (possibly shared by €2; and the outer boundary) are denoted generically by F;, &,
and Vj;, respectively.

Remark 2.3. Our presentation slightly differs from the one in TOSELLI AND WIDLUND [184]
because we will need to treat all-floating methods, which operate on the subdomain bound-
aries as well, not only on the interfaces.

Remark 2.4. With Assumption 2.1 being fulfilled, we can drop the assumption that the
original domain 2 is Lipschitz, as long as the boundary of each subdomain remains Lipschitz.
This might be advantageous in view of Figure 1.1, page 12. Note that of course the cut in
the domain from Figure 1.1(left) must then be discretized on each subdomain separately
without coupling conditions. Depending on the boundary conditions the solution may be
discontinuous across that cut.

To be able to couple domain variational formulations and boundary integral equations,
we need to make an additional assumption on the data. Let Zggn C Z be a subset of indices
such that

fmZ =0 Vi e IBEMv (2.6)

which makes it possible to use boundary elements on the corresponding subdomain bound-
aries only. See Remark 2.5 for more general assumptions. The remaining subdomains cor-

respond to the index set Zpgym = Z \ Zprm and will be treated with the finite element
method.
We can rewrite (2.1) as follows: Find u € H'(Q) with u, = gp such that
Zai/ Vu-Vudr = /fvd;v—l—/ gnvds Yo e HH(Q). (2.7)
e Q Q 'y

Assume now for a moment that the Dirichlet trace of the solution w is known on the complete
skeleton I'g. Then the conormal derivatives on the subdomains are given by the Dirichlet to
Neumann map, i.e.,

ti =y = Sz(u‘agl) - Nl(fmz) Vi € I, (28)

on;
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where S; = «; Sli-‘“t is the interior Steklov-Poincaré operator on 0§2;, see Section 1.4.3, and
N; : H-1(Qy;) — HY2(9€;), is the corresponding Newton potential on the subdomain €,
see Section 1.4.4. In the present context, both operators scale with the coefficient «;. In the
following we simply write S; u for S;(ujpq,) and N; f for N;(f|o,) when the context allows to
do so. By partial integration and a density argument, we find that the conormal derivatives
have to fulfill the interface conditions

t; + t]’ =0 on Fij 5
and the boundary conditions
ti = gN on 9€; NIy .

We can summarize all these conditions in the weak skeleton formulation. Find u € H'/?('g)
with wr, = gp such that

> (Siu,v)oo, = D (fi,v)aq, Vve HY*(Ts), (2.9)

i€l €L

where HE/Q(I’S) = {v € HY/2(Ig) : vr, = 0} and the linear forms f; € H~12(09;) are
defined by

(fi, v)oq, = (Ni f, v)aq, —I—/ gnuvds for v € HY2(0%Y). (2.10)
a0;NT N
Remark 2.5. We see that it is sufficient to assume that the coefficient «(-) is in L®(€);)
for ¢ € Zrgm, uniformly positive, and sufficiently smooth such that the conormal derivatives
on the subdomain boundaries 9€); are well-defined. In that case, we must use the general
Steklov-Poincaré operator instead of «; .S;, and also the general Newton potential. We can
also relax from f € L?(Q) and gy € L?(Tn) to f € (HL(R))* and gy € HV/2(T'y) with the
side condition that the restrictions of f to each subdomain §2; and of gn to each part 0Q2; NIy
are well-defined. In the BEM subdomains, however, the coefficients must still be constant
and the sources must vanish (unless suitable approximations of the Newton potentials are
available, cf. Section 1.5.3).

With the usual homogenization technique, as described in Section 1.3.2, we can rewrite

problem (2.9): Find u € H})M(FS) such that
S (Sit, vhon, = Y (fi— SiGp,v)ee,  Wve Hy (Ts), (2.11)
€L 1€

where gp € H'/?(T'g) is an arbitrary extension of gp from I'p to I'g, and the actual solution
u is given by u = gp + u. Both skeleton formulations (2.9) and (2.11) are equivalent to (2.7)
in the sense that the solution u € H'/2(I's) of any of the skeleton formulations coincides with
the trace of the solution u to the volume variational formulation (2.7) on I'g, in particular
on all subdomain boundaries 0€);. The values of the solution « in the subdomains €; are
then determined by purely local problems.

If the Dirichlet boundary is of positive surface measure, the symmetric bilinear form in
(2.11) is elliptic on Hg 2 (T's), which easily follows from the (semi-)ellipticity of the Steklov-
Poincaré operators S;, cf. Section 1.4.3 Hence, both skeleton problems (2.9) and (2.11) are
well-posed.



2.1. VARIATIONAL SKELETON FORMULATIONS 51

2.1.2 Discrete skeleton formulations

Let 7 (I's) be a conforming simplicial triangulation of the skeleton I's. For i € Z, let 7 (052;)
denote its restriction to the subdomain boundary 9€); with the local mesh parameter h;. The
local meshes 7 (0€2;) are assumed to be shape-regular and quasi-uniform. As a consequence,
h; ~ h; for neighboring subdomains €2; and €2;. On each FEM subdomain €;, i € Zpgym, we
extend the triangulation 7 (9€2;) to a conforming, shape-regular, and quasi-uniform simplicial
triangulation 7 (€2;) of the subdomains €2;.

Notation. We denote by BQ? the set of nodes on 9€);, and by Fg and F?j the set of nodes

on I's and Ty, respectively. Similarly, let F/* and £ denote the set of nodes on the (open)
face JF;, respectively on the (open) edge &. A typical node will be denoted by z".

Let V*(T's) and V"(0Q;) denote the spaces of continuous functions on I's and 92;, re-
spectively, which are piecewise linear on the elements of the triangulation. Let VB(I‘S) and
VE(GQZ-) denote the corresponding spaces which satisfy homogeneous Dirichlet boundary con-
ditions on I'p. Based on these triangulations we discretize the derived skeleton formulations
in two steps: First, we project the equations to the discrete spaces. Second, we approximate
the Steklov-Poincaré operators S; and the Newton potentials IV; by approximations S; 5 and
N;, p, respectively. According to the notation from Section 1.5, we set

g, - % S;%EM for 7 € IBEMa (2'12)
- Q5 S;’I%EM for i € ZpgMm -
0 for i € Igem

N; p = , ’ 2.13

bLh { (a7} Ni,FEM for ¢ € ZrpMm - ( )

As we have seen there, these operators do in general not coincide with the Galerkin projec-
tions of 5;, IV;. Without loss of generality but for a simplified notation, assume that the
boundary data gp, gp, and gy are contained in the corresponding discrete spaces. Otherwise,
we would have to project them as well.

Let f; 1, denote the resulting approximations of the continuous linear forms f;, replacing
N; by Nj . Then the approximation of (2.9) reads: Find u € VMTs) with ur, = gp such
that

D (Sinu, v)og, = Y (fin oo, Ve Vh(Ts). (2.14)
= €T
The approximation of (2.11) reads: Find @ € V}(I's) such that

Z(S@h u, v)oq, = Z<fi,h — Sindp, V)aq, Vv € VL(Ts), (2.15)
ieT ieT

As in the continuous case the bilinear form in (2.15) is symmetric and elliptic on VA(I's).
Therefore, the homogenized skeleton variational formulation (2.15) is equivalent to the min-
imization problem

1., o .
Z{i(si,h u, wog, = {fi,n = Si,n g, U)aﬂi} — _min . (2.16)
i€Z ueVp(Ts)
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Figure 2.1: Hlustration of two different one-level methods. Left: Standard one-level method.
Right: All-floating method. Floating subdomains are dark-shaded.

A simple computation reveals that the non-homogenized problem (2.14) is equivalent to the
minimization problem

Z{%@S’i,hu, w)on; _<fi,h7u>89i} L : (2.17)

ieT T's),ur,=9p

In the following two subsections we derive two different saddle point formulations using
the tearing and interconnecting technique. The first formulation in Section 2.2.1 is derived
from the homogenized minimization problem (2.16), and we refer to it by the term standard
one-level formulation. The second one, the all-floating formulation treated in Section 2.2.2,
is derived from the non-homogenized minimization problem (2.17).

Notation. Since the following methods are set up on the discrete level, we simplify our
notation a bit and drop the subscript % in the approximate Steklov-Poincaré operators S; 5
and in the right hand sides f; 5 and write S;, f;.

2.2 Standard one-level and all-floating FETI/BETI methods

2.2.1 Formulation of standard one-level FETI/BETI methods

As mentioned before, our presentation follows KLAWONN AND WIDLUND [109], LANGER AND
STEINBACH [118, 119], and TOSELLI AND WIDLUND [184, Sect. 6.3]. Our starting point is
the homogenized minimization problem (2.16). To simplify the notation we assume only in
this subsection on the standard one-level formulation that gp = 0. Otherwise we have to
use f; —S; gp instead of f; and u instead of u. We will not use such a homogenization in the
all-floating methods in Section 2.2.2.
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Figure 2.2: Sketch of non-redundant constraints (left) and fully redundant constraints (right)
for a subdomain edge in three dimensions, or a subdomain vertex (cross point) in two di-
mensions sharing four subdomains.

2.2.1.1 Tearing and interconnecting

We introduce separate unknowns w; € V2 (0€;) for u on the subdomains and define the
working spaces

Wi:=VH0%) and  W:=][W;. (2.18)
1€L
Now we can compactly write

u = [ujlier € W (2.19)

Functions in the product space W are typically discontinuous across subdomain interfaces.
The continuity of the solution is enforced by constraints of the form

ui(a") = ui(a")  fora" e T} (2.20)

In this work, we restrict ourselves to fully redundant constraints, i. e., all possible constraints
are used, cf. [184, Sect. 6.3.3]. They appear to be really advantageous in implementations due
to the full symmetry, see Figure 2.2, right. In the non-redundant case (cf. [184, Sect. 6.3.2]
and Figure 2.2, left) a minimal number of necessary constraints is used. For other variants,
such as orthogonal constraints, see e. g. FRAGAKIS AND PAPADRAKAKIS [65, 66]. Introducing
a jump operator B = [B;|;cz we can write all the constraints (2.20) in the compact form

Bu = 0, or equivalently, Z Biu; =0. (2.21)
1€T

In the standard nodal basis the operators B and B; can easily be represented by signed
Boolean matrices, i. e., matrices with entries 0, 1 or —1. To be a bit more precise we define
the space of Lagrange multipliers

U:=R™, (2.22)

where m is the total number of constraints. In the following we continue our philosophy to
keep track of “dual” (i.e., functional) and “primal” spaces, even if they might seem to be
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the same in the discrete case. We choose the operator B to map into the space U* of “dual”
kind, as it evaluates the jump of u. Since the dual U* can be identified with R™, the dual
pairing in U* x U is nothing else than the Euclidean inner product, i.e., (u, A\) = (1, \)p2
for N\e U, peU*.

Notation. The component of A € U (respectively u € U*) which corresponds to the constraint
u; (") = uj(z") at the node 2" € thj is denoted by A;;(z") (vespectively p;;(x")).
We can now precisely define the jump operator B : W — U* by

(Bw)ij(z") = wi(a™) —w;(z") for 2" € F;‘j , 1>, (2.23)

where we have chosen a fixed (but in principle arbitrary) sign of the jump. Let B; : W; — U*
be defined by

w;(x") ifi=j
(B wi)jk(mh) = —w;(z") ifi ==k for 2" € F?k, j>k. (2.24)
0 else

By construction we have (Bw, \) = >, .7(B; w;, A) for all A € U. Apparently the compact
form (2.21) of the constraints has to be read as an equation in U*. For a comprehensive
functional presentation of FETI type Lagrange multipliers we refer to BRENNER [23].

In what follows we will always regard the approximate Steklov-Poincaré operators S; as
operators mapping from W; to W;. In addition, we define S : W — W* by

(Sw,v)y = Z<SZ Wi, V;) for w,v e W, (2.25)
1€l

in short S := diag (.S;), and the linear form f € W* by

(f,w) := Z<f” w;) forwe W, (2.26)
1€T
in short f := [filicz. With this notation we can write the minimization problem (2.16)

equivalently as the constrained minimization problem

§<S b u> B <f7 u> - ueﬂl},l%luzo '

The corresponding saddle point problem reads as follows. Find (u, \) € W x U:

(5 %)) - (0): @an

This problem is uniquely solvable (up to adding elements from ker BT to \) if and only if
ker SNnkerB = {0}, (2.28)

cf. BREzz1 AND FORTIN [29]. Condition (2.28) holds true whenever the Dirichlet boundary
is non-empty. The solution u satisfies Bu = 0, i.e., it is continuous across the subdomain
interfaces. We define the corresponding subspace of continuous functions by

W:={weW:Bw=0}, (2.29)

and point out that it can be identified with V/(T'g).
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Remark 2.6. The saddle point formulation (2.27) can also be derived algebraically from the
skeleton formulation without exploiting minimization problems. We show this alternative
derivation because it gives more insight on the meaning of the Lagrange multipliers. Let

b= Siui — fi

denote the representation of the normal flux on the subdomain boundary 0€2; in W;*. From
the discrete skeleton formulation (2.14) we obtain that

(t,v) = > (tivdon, =0  YveW. (2.30)
€T

We define the averaging operator £ : W — Wcw by the relation

BEw)ia") = —— S wi(a")  for 1, €09 \Tp, weW, (2.31)

where N,» := {i € T : 2" € 99}, i.e., the index set of the subdomains sharing the node
zh e Fg. Obviously, FE is a projection onto the space w. Hence, we can represent v by Fw
for some w € W. Therefore, condition (2.30), which states that the fluxes are continuous,
can be written as (¢, Ew) = 0 or equivalently (E¢, w) = 0. The complete set of equations
for (u, t) reads

Su—t = f in W*, (2.32)

Bu =0 inU", (2.33)

E't =0 inW*. (2.34)

In order to get rid of condition (2.34) we represent the continuous flux ¢ by t = —B T\ for

some Lagrange multiplier A\ € U. This is indeed possible because the condition E't = 0
implies that ¢ is in range B'. Condition (2.34) is now automatically satisfied because B E = 0
in U* and consequently ET BT = 0 in W*. Our set of equations transforms to

(5 0)G) = ()

which is exactly (2.27). Under this perspective, the Lagrange multipliers themselves can be
interpreted as normal fluxes. For such an interpretation in a mechanical context see RIXEN
AND FARHAT [155, 156].

2.2.1.2 Singular local Neumann problems — A projection

In the usual theory of iterative substructuring methods, a floating subdomain is defined as a
subdomain £2; whose boundary 0€2; does not intersect the Dirichlet boundary I'p. In order
to use this concept also for the all-floating methods in Section 2.2.2 and the FETI/BETI
methods for unbounded domains in Chapter 3, we generalize the standard definition a bit.

Definition 2.7 (floating subdomain). A subdomain €2; is by definition a floating subdomain
if i+ Wiy — W is singular, otherwise it is a non-floating subdomain. We introduce the
index set corresponding to the floating subdomains,

Thoat 1= {z el:S; s sz’ngular} .
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In the case of our potential equation, the pure Neumann problem on a floating subdomain
is uniquely solvable up to the constant function, and so

ker S; = span{lpg,}, range S; = {v e W;: (v, 1p9,) =0} Vi € Zfoat

) (2.35)
ker S; = {0}, range S; = W; Vi & Thoat -

Consequently, a solution u in the first equation of (2.27) exists if and only if f — BT\ €
range S. This compatibility condition will lead to the introduction of a projection P. We
introduce operators

. . &— & 1891‘ for i € Zgoat ,

Ri:R—W,: { S0 clse. (2.36)

such that range R; = ker S;, and we define R : Z — ker S by R = diag (R;) where
Z:={(€R" & =0 VidTnoa}- (2.37)

For i € Tqoat, let S;L denote an arbitrary pseudoinverse of S; and set S;r =571 fori & Thoat,

(3
as well as ST := diag (SJ ). We will discuss later on how such pseudoinverses can be applied

efficiently. With these considerations we obtain from (2.27) that
i = S/(fi= BN + Ri&, (2.38)
for some ¢ € Z under the compatibility condition
(fi= B\ Lag,) = 0 Vi€ Thoar
or equivalently, R (fi—-B/)\ =0 VieZ. (2.39)

For a floating subdomain, the term R;¢; in (2.38) is the constant that we need to add in
order to parameterize all possible solutions. For a non-floating subdomain 2;, the term R; &;
in (2.38) and the compatibility condition (2.39) are of course meaningless. Both could be
dropped but we keep them to have a unified notation. With the abbreviations

F:=BS'BT, G:=BR, d:=BSTf, e:=R'"Ff, (2.40)

condition (2.39) reads
e—G'X\ = 0.

Using formula (2.38), the variable u can be expressed in terms of A and &, and the continuity
condition B u = 0 transforms to

d—FA+G¢ = 0.

We can therefore reformulate problem (2.27) as follows. Find (), §) € U x Z such that

F -G A d
(£ ) ()
Once solved, the solution w is given by (2.38). In order to satisfy the second equation (i.e.,

the compatibility condition), we introduce the projection P : U — ker G C U,
P=1-QGG"QA)'GT, (2.42)
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where the SPD operator @ : U* — U is yet to be specified. For projections of this type
see also Section 1.1.2. Note that G' QG is the Galerkin projection of B'Q B onto ker S.
Because of (2.28), i.e., ker S Nker B = {0}, the operator G is injective. Hence, the operator
GTQG is SPD as long as @ is SPD on range G. The operator P projects to the subspace

V:={\eU:(Bz,\)=0 VzekerS} = kerG' = rangeP

d (2.43)
={\€U:B"X€rangeS},

which we call the space of admissible Lagrange increments following FARHAT, CHEN, AND
MANDEL [58]. In case f = 0, this is the subspace of U where the compatibility condition
(2.39) is fulfilled. In general, if we fix a particular Ao € U with G T\ = e, the solution A of
(2.41) can be represented by A = Ag + A for some X € V. In the following we use

M:=QG(GTQRG)e. (2.44)

In the spirit of Galerkin we can test the first equation in (2.41) with trial functions in V'
which yields the following problem: Find A € V such that

P'FX = PT(d—FX\). (2.45)

The variable ¢ has disappeared because P'G = 0. Once equation (2.45) is solved, the
original variables A and £ can be recovered from the relations

A=X+A and £ = (G'QG)'GTQ(FA-A), (2.46)

where the second formula can be derived by testing the first equation in (2.41) with the
remaining trial functions, i.e., applying (I — P ") to it. For later purposes we define

Vi={ueU":(Bz,Qu)=0 VzeckerS} = rangeP', (2.47)

such that PT : U* — V' C U*. It can be shown that V' is isomorphic to V.
The following lemma shows that problem (2.45) is in a certain sense SPD. Before, we
define the spaces

V= V/ker BT » and V':=V'NrangeB. (2.48)

The space V is the factor space of V with respect to ker BT, where the redundancies in the
Lagrange multipliers are unified, cf. TEZAUR [17% Sect. 3.1.4]. The following lemma would
be straightforward if range B = U and therefore V = V.

Lemma 2.8. Let F' and P be defined as above. Then the operator PTF is SPD on the
subspace V.

Proof. First, from the definitions of F' and P we see that F'A and P A are invariant if we
add elements from ker B' to A, and that P'F maps into range B = (ker B")°. These
considerations justify to work in the quotient factor. Secondly, we know from (2.43) that
BT\ € range S for each A € V. Due to the fact that ST is SPD on range S, we obtain

(PTEXN N = (FAPX = (FAA) = (STBTA BTN >0 vaeV\ {0},

which shows that PTF is SPD on V. m
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As a consequence of the above lemma, problem (2.45) can be solved using a precon-
ditioned conjugate gradient subspace iteration. Of course, preconditioners accelerate the
method. All FETI type preconditioners have the form

PM™!, (2.49)

where the operator M~! : U* — U is a suitable preconditioner for F. The projection P is
necessary to keep the search directions in the space V. Since

NeV = PM'P'FX= (PM PP FP)X,

the preconditioned operator is the product of two symmetric operators and can be analyzed
in the usual framework. Once problem (2.45) is solved, the actual solution w can finally
be recovered using formulae (2.46) and (2.38). Note that even if X is only unique up to an
element from ker BT, the solution u is always unique. The crucial ingredients of the method
are the choices of @ and M~! above. If chosen in the right way the method will be (i)
only weakly depending on the local problem size, (ii) robust with respect to the number s
of subdomains, and (iii) robust with respect to the values of the coefficients «;.

2.2.1.3 Preconditioning

In order to define a suitable preconditioner M~! for F' we first need to introduce some
functions and operators, among them the weighted counting functions (5;( which play an
important role in balancing Neumann-Neumann methods, cf. TOSELLI AND WIDLUND [184,
Section 6.2.1]. For each j € Z we define the function 5; € VMI's) by

Y h h
. Z o for z" € 02},
6;(x") = kEN, 1 (2.50)
0 for M € T\ 89?,

where Nn := {i € T : 2" € 99}, i.e., the index set of the subdomains sharing the node
z" € T'". The union of all these functions provides a partition of unity on the skeleton. For
each subdomain ¢ € Z we define a diagonal scaling operator D; : U* — U by

(D; p)ij(2") := 5}(37’1) (™) for peU*, 2e I’?j , (2.51)
where all other components are set to zero. We define the operator Bp : W* — U by
1€l

Here, Jw, denotes the Riesz isomorphism with respect to the Euclidean inner product in the
standard nodal basis, i.e.,

Tw, Wi = Wi fo Y (f@un) oun s (2.53)
zheaQh

where @, is the basis function corresponding to the node z" € 9QF. In matrix-vector
notation, Jy, is the identity matrix and Bp = [Dq By|...|Ds Bs]. The preconditioner is
now chosen to be

M~ = BpSB). (2.54)
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Remark 2.9. For non-redundant Lagrange multipliers, the operator Bp reads
Bp = (BD'B"'BD,

where D : W* — W is a diagonal scaling operator similar to the D;. For an efficient algo-
rithmic construction of Bp see, e.g., OF [138]. In either case, redundant or non-redundant,
the operator Bg can be shown to be a pseudoinverse of B, such that BBIT)B = B and
Bp B"Bp = Bp, see MANDEL, DOHRMANN, AND TEZAUR [133] and Lemma 2.16 later on.

Remark 2.10. Each block S; in S appearing in the preconditioner (2.54) may be replaced
by the hypersingular operator on 0; since it is spectrally equivalent to S;, even for a
FEM subdomain €2;. The resulting preconditioner is then called scaled hypersingular BETI
preconditioner, cf. LANGER AND STEINBACH [118, 119].

2.2.1.4 The operator

According to KLAWONN AND WIDLUND [109], the linear operator @ : U* — U is either set
to M1 or is chosen as a diagonal matrix. In the second case we set

(Q 1)ij (™) := min(ay, o)) gij(2") pij(z")  for pe U*, (2.55)

where qij(a:h) = min(%’(ffh)a Qj(l‘h)) and

hZ . .
1+ log(H;/hi)) = if 2" lies on a face F;
ety = T ta—3,
h; if " lies on an edge &; or a vertex V;

(14 log(Hi/hi))% if 2" lies on an edge & hy
! ifd=2.
1 if 2" is a vertex V;

(2.56)

Note that if H; ~ H; and h; ~ h; for neighboring subdomains €2; and €2;, then we have
also g;(z") ~ g;(z"). This diagonal choice of @) mimics the action of M~! when restricted
to range GG, and it will be better understood in the proof of the condition number estimate.
Nevertheless, in the following remark we inspect the structure of the operator G' Q G which
appears in the projections P and PT.

Remark 2.11. Let @ be chosen according to (2.55)—(2.56) and let G denote the connectivity
graph whose nodes correspond to the subdomains €2; with an edge between two nodes when-
ever the corresponding subdomains are neighboring, cf. Figure 2.3. Recall that G = BR
and that R : Z — ker S with

Z = {(eR°:&=0 VidTaoar}-

We can think of elements from Z as discrete functions on the nodes of G which satisfy homo-
geneous boundary conditions at the nodes which correspond to the non-floating subdomains,
cf. Figure 2.3. Using the definition of the jump operator B, we find that

(GTQGY, 2) = Z (yi —vj) { min(oy, o) Z qij(:ch)}(zi - zj) Yy, z € Z.

h
i>j zhely
Ty 7#0

=:1Q;j
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Q| Q| Q3
Q,| Q| Q
Q, | Q
Dirichlet boundary

Figure 2.3: Left: Subdomains with Dirichlet boundary. Right: Corresponding connectivity
graph G.

This bilinear form corresponds to the (sparse) matrix induced by the graph Laplacian (see
e.g., FIEDLER [64]) where we assign each edge between node ¢ and j in G the weight Q;;.
Thus, (GTQ G)~! solves a discrete Laplace problem on the connectivity graph, which acts as
a coarse problem for the FETI/BETTI algorithm. Without this coarse problem, the method
would for sure suffer from a dependency on the number of subdomains. Assume that in three
dimensions each face F; covers O((H;/h;)?) mesh nodes and each edge &; covers O(H;/h;)
nodes. Then,

min(ay, o) (1 +log(H;/h;)) H;  if Q; and Q; share a subdomain face,
Qi ~ min(oy, o) H; if €2; and €2; share only a subdomain edge,
min(ay, aj) h; if €2; and €2; share only a subdomain vertex.

With the analogous assumptions in two dimensions we have

0, ~ min(a;, o;) (1 +log(H;/h;)) if Q; and ; share a subdomain edge,
Y7 | min(o, o) if ©; and Q; share only a subdomain vertex.

We observe that vertex connections in three dimensions are weighted weaker than others,
and that connections between subdomains with large coefficients are in general weighted
stronger than others.

Remark 2.12. If the coefficients «; are all equal, or only moderately varying, one can
simplify the scaling operators D; by replacing all the a; by one. Then the functions 5; still
form a partition of unity due to the node multiplicity involved. The scaling operator () can
then simply be chosen as the identity matrix.

2.2.1.5 Summary of the standard one-level FETI/BETI method

Let us summarize the standard one-level FETI/BETI algorithm. To solve system (2.41),
we apply a projected preconditioned conjugate gradient method to the projected Lagrange
multiplier system (2.45) with a special initial guess Ag given by (2.44). The actual solu-
tion w is then computed via the relations (2.46) and (2.38). In each step of the projected
PCG method, the application of F' essentially means solving local (regularized) Neumann
problems, while the application of the preconditioner M ~! essentially means solving local
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Dirichlet problems. The projection steps P and P T involve the solution of a coarse prob-
lem given by GT@Q G. Implementation issues and the analysis of the method are treated in
Section 2.2.3 and Section 2.2.4, respectively.

Remark 2.13. The name one-level method refers to the specific kind of coarse problem,
not to the entire algorithm. On the contrary, two-level FETI methods were designed for
biharmonic and shell problems (FARHAT, CHEN, MANDEL, AND ROUX [59], FARHAT AND
MANDEL [54]) and, as we have already mentioned in the introduction, the dual-primal meth-
ods (FETI-DP, BETI-DP) end up with a completely different coarse problem.

2.2.2 Formulation of all-floating FETI/BETI methods

The starting point for the all-floating formulation is the non-homogenized minimization
problem (2.17), i.e.,

> {%<Si u, w)o, — (fi; U>BQZ} — min

. I
ieT u€Vh(Ts), ur,=9p

In contrast to the standard one-level formulation, we will not incorporate the Dirichlet
conditions in the solution space but impose them as side conditions. Hence, we need new
definitions of the working spaces and operators. Nevertheless, we use the same notation as
in Section 2.2.1 because (i) there are only differences in details but not in the structure, (ii)
the context should always be clear, and (iii) we will give uniform statements concerning both
formulations later on. We define

Wi =V"oQ), W:=]][w, (2.57)
i€
and we write
S; W — Wi, S:WHW, fiGWi*, and fEW* (2.58)

for the corresponding Steklov-Poincaré operators and source functionals. As in the standard
one-level formulation we introduce separate unknowns wu; for u and impose the continuity by
the constraints

ui(z") = uj(z") for 2" € FZ (2.59)

Additionally, we impose the (possibly inhomogeneous) Dirichlet boundary conditions by the
constraints

ui(z") = gp(z")  for zh € OO NTp. (2.60)

We define the space of Lagrange multipliers as U := R™, where m is the total number of
constraints in (2.59) and (2.60). We can define a similar jump operator B : W — U* as
in Section 2.2.1 which evaluates additionally the jump on the Dirichlet interfaces 9€2; N I'p.
For A € U and p € U* let again \;j(2") and p;j(z") denote the components corresponding

to the constraint (2.59) at the node 2" € I‘?j, respectively. Additionally, let \;p(z") and
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pip(x"™) denote the components corresponding to the constraint (2.60) at the Dirichlet node
zh € 90" NTp. The operator B : W — U* is defined by

YR

(Bw)ij(zh) = w;(z") —wj(ah) forah eTh i>j
(Bw);p(z") = w;(a") for " € OQF NTp

} forwe W. (2.61)

The operators B; : W; — U™ are defined accordingly such that Bw = ZiGI B; w; . We define
beU* by

bij(ach) =0 for 2" € P?j ,
, (2.62)
bip(z") = gp(zh) forzh € QI NTp.

In other words b = Bgp, where (gp); is the extension by zero of 9D|rpra; O 0f); with
respect to the nodal basis. We can summarize all the constraints in the compact form

Bu = b, (2.63)
to be read as an equation in U*. Note that
W::{wEW:szo} (2.64)

is the space of continuous functions which satisfy the homogeneous Dirichlet boundary con-
ditions. Thus it coincides exactly with the corresponding space from the standard one-level
formulation. Using the same tearing and interconnecting technique as in Section 2.2.1, we
can derive the corresponding dual formulation: Find (u, \) € W x U such that

(5 %)) - (0): oo

Remark 2.14. As in the standard one-level formulation, the saddle point problem (2.65)
can be derived directly from the skeleton formulation (2.14). We define the normal fluxes
t; € W} by

b= Siui — fi
and t € W* by (t, v) := >, 7 (ti, vi)aq,. As in Remark 2.6 we define the averaging operator
E:W-—-WcWw by

Wlthl Zjeth w](l‘h) for T € 09? \ FD,

2.66
0 for " € 9QF NTp, (2.66)

(Bw)i(a") = {

for w € W. Again, E is a projection onto W/ﬁmd it satisfies the identity B E = 0. Note
that the space VA(I's) can be identified with W and the skeleton formulation (2.14) yields

the condition (¢, v) =0 Vv € W. Since each v € W can be represented by Ev for some
v € W, the complete set of equations reads

Su—t = f inW*, Bu = b inU*, E't =0 inW*.

The last condition can be eliminated introducing A € U with BT A = —t, which leads to
problem (2.65).
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Since the none of the local spaces W; incorporates any Dirichlet boundary conditions, S5;
always is singular, i.e.,

ker S; = span{lagq,}, rangeS; = {ve W, :(v,1p9,) =0} VieT. (2.67)

Hence, all subdomains are floating in the sense of Definition 2.7. Also intuitively, imposing
the Dirichlet boundary conditions by the Lagrange multipliers, all subdomains decouple from
the Dirichlet boundary — they “float”, cf. Figure 2.1. For each ¢ € Z, define

Ri:R—W;:&— & lpq,, (2.68)

such that R = diag(R;) : R® — ker S, and let SZ-T be an arbitrary pseudoinverses of S;.
Analogously to Section 2.2.1, and with the abbreviations

F:=BS'BT, G := BR, d:=BSTf—ub, e:=R'f, (2.69)

(note that now d includes b) we arrive at the dual formulation
F -G A d
(e o )(8) = (%) e

P'FX = P'(d—FX\y), (2.71)

and the projected equation

where P = I — QG (GTQG)™'GT with Q : U* — U specified below. The subspaces of
admissible Lagrange increments read

Vi={XeU:(Bz A\)=0 VzckerS} (2.72)
={NeU: (B X\ 1s0,) =0 VieT},
Vi ={peU":(Bz Qu) =0 VzeckerS}. (2.73)

Lemma 2.15. The operator PTF is SPD on the factor space V = V)kerBT -
Proof. Analogously to Lemma 2.8. O

The preconditioner for P F is chosen to be P M~! with
M~':=BpSBj,:= ZDZ» B; Jw, Si Jw, B! D; . (2.74)
icZ

For the scaling operators D; : U* — U we can use the definition (2.51) from Section 2.2.1 and
specify the additional values (D; i1);p we need for the all-floating formulation. To summarize,

{ (Dips(a) = 8}(a") pg(a?) Vit T

for p e U™, (2.75)
(Di M)jp(.%’h) = ,ujD(ZL‘h) vzl e 89? NT'p }

with the weighted counting functions 5;(l'h) defined according to (2.50). Note that the factor
in front of u;p(z") in the second line is 1 (although in general (5;- (zh) # 1 for 2" € 89? NT'p)
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because the Dirichlet constraints are imposed locally on each subdomain. As in the standard
one-level method, each block S; in the preconditioner (2.74) may be replaced by the local
hypersingular operator. Analogously to Section 2.2.1, the operator @) : U* — U is either set
to M~! or chosen as

{ (Q p)ij (") = min(ai, aj) gij(x") pij(z")  for z* € T},

for p e U™, (2.76)
(Qm)ip(x") := o q;(z") pip (zM) for 2 e GQZ}-L NTp, }

with g;;(z") and ¢;(z") defined as in the standard one-level formulation, i.e.,

hZ . .
1+ log(H;/h;)) = if 2" lies on a face F;
ety = | s/ fd—3,

h; if 2" lies on an edge &; or a vertex V;

(1 +log(H;/hi)) % if 2" lies on an edge &
gi(z") == { o ifd=2,

1 if 2 is a vertex V;
qij(:nh) = min(qi(xh), qj(xh)). (2.77)

We see that structurally, the standard one-level and the all-floating methods do not differ
from each other.

2.2.3 Implementation of one-level FETI/BETI methods

In this subsection we discuss implementation issues of the standard one-level and the all-
floating FETI/BETI methods described above. The entire algorithm is displayed in Algo-
rithm 1. The meaning of highlighted variables (boldface such as A and underlined such
as (™) will be explained later on.

2.2.3.1 Mesh and topology information

In addition to the subdomain meshes and the usual coupling information, the algorithm
needs the explicit information on the subdomain faces, edges, and vertices if () is chosen in
diagonal form according to (2.55)—(2.56) or (2.76)—(2.77). Either this topological information
is provided together with a coarse mesh and updated during refinement, or it is generated
from an already refined mesh by combinatorial means, see RHEINBACH [154, Sect. 3.3.3].

2.2.3.2 Implementation of the underlying operators

Jump operators. The operators B, B, Bp and Bg need not be stored but are encoded as
routines which perform their application (matrix-by-vector multiplication).

Coarse space restriction/prolongation operators. Also the operators R and R' are not
stored in matrix form but encoded directly.
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Algorithm 1: Standard one-level / all-floating PCG FETI/BETTI algorithm.

Input: f (and b for all-floating), €, nmax
Output: u

e=R'f

d=BStf (d=BSTf—0b for all-floating)
A0 =Qa@ETRGE) e

r® =PT(d—FA)

200 = p 1,00

50 — »(0)

Bo = (r©), 2(0))

n=>0

while G, > 6y - € and n < ny.x do

2z = pTF g

o = (2™, ()

o = Bn/an

A+ — \() 4 g(0)

rt+) — () _ o 4(0)

»(n+1l) — p A1 p(nt1)

/Bn—l-l — <£(n+1)7 z(n+1)>

/6 = ﬂn—i—l/ﬂn
(1) — Z(n+1) 4 g g0
n=n+1

end

£=(GTQG)IGTQFA™ — 4
uw=ST(f—BTAM) + Re¢
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Local FEM Neumann problems. For a each i € Zpgpy, the action v; = S;r fi for a given
fi € range S; is performed as follows: Let vp and fp denote the vector representations of v;
and f;, respectively, with respect to the standard nodal basis. Let K; denote the full FEM
stiffness matrix on €; with respect to the same basis, grouped into DOFs on the subdomain
boundary 0f2; (subscript “B”) and DOF's in the interior of the subdomain €2; (subscript “I”),
and S; the Schur complement of K; with respect to the interior DOFs; i. e.,

% % i)1—1 )
K, = < BB Bl ) R S, = K(B)B_K(B)I [Kgl)] Kg) .

By definition, S; is the matrix representation of S;. We search for some vp such that
—1

S;vp = fp. Introducing formally the auxiliary vector v; = _[ngl)] Kg% VB, we can

rewrite the equation as
Kg) Kg)l ( VB > < fp )
K% K?I) I ( 7

which corresponds to solving a local problem with the full stiffness matrix K;. In case of a
non-floating subdomain, some of the unknowns in v are zero due to the definition of the
space W;, the corresponding rows and columns can be deleted, and the resulting matrix is
SPD. For the floating subdomains, the solution [VE|VIT]T is unique only up to a constant.
Both types of equations can be solved as discussed in Section 1.5.2. The factorizations of
the corresponding matrices can be built and stored in the preprocessing phase.

Local BEM Neumann problems. For each ¢ € Igmpwm, the action v; = S;' fi for a given
f € rangeS; is performed as follows: Let v and f denote the vector representations of v;
and f;, respectively, in the standard nodal basis. Let D;, K;, and V; denote the matrix
representations of the hypersingular operator, the double layer potential, and the single
layer potential, respectively, and let M; be the mass matrix from Section 1.5.3. Then S; =
D,+(iM/ +K])V; 1(%Mi+KZ-) is per construction the matrix representation of S;. Instead
of solving S;v = f, we formally introduce the auxiliary variable t = V 1(%Ml + K;v), and
equivalently solve the saddle point problem
(o)
0 9

DZ‘ %M: + K;r v
%Mz + K; -V; t

which is a standard BEM problem corresponding to the local Neumann problem. If the
subdomain 2; is floating, we can regularize the saddle point problem by regularizing the
hypersingular operator D; similar as in the FEM case. As briefly described in Section 1.5.3
the matrices D;, K;, and V; can be approximated in data-sparse form using H-matrices.
Thus, also the matrix corresponding to the above, possibly regularized, saddle point problem
is represented by an H-matrix, and for each BEM subdomain its LU-factorization in the H-
arithmetic can be built and stored in quasi-optimal time and memory complexity in the
preprocessing phase.

Local FEM Dirichlet problems. For each i € Zpgy, the action f; = S;v; for a given v; is
performed as follows: Let fp and vp denote the vector representations of f; and v; with
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respect to the standard nodal basis, and let S; and K; be defined as above. Then, instead
of forming the Schur complement and applying fz = S; vp we solve the SPD system

Ki}vi = -Kipvp
(1) (4)

for v; by a direct solver, and set fp = Kg)B vp + K} vi. The factorization of Kj; is also
built and stored in the preprocessing phase.

Local BEM Dirichlet problems. For each ¢ € Iggn, the action of f; = S; v; for a given v; is
performed as follows: Let f and v denote the vector representations of f; and v;. Then we
solve the SPD system

V;t = (%Ml +K;)v

for t, and set f = D; v+ (M + K/ )t. An LU-factorization of V; in the H-arithmetic can
be built and stored in the preprocessing phase.

Operator F and preconditioner M~'. Since F = BSTBT and M~ = Bp S Bg we see that
the action of these operators mainly means solving local Dirichlet and Neumann problems
as described above.

Coarse problem. Let G and Q denote the matrix representations of G and (). As discussed
in Remark 2.11, the matrix G'Q G is sparse and its sparsity pattern is determined by the
connectivity graph of the subdomain partition where each floating subdomains is a node of
that graph. Once GTQG is assembled, its factorization (in the preprocessing phase) can
be done very efficiently, as long as the number of subdomains is not very large. If we set
Q = M~ an efficient assembly of G'QG is tricky, and furthermore the extra actions of
Q@ during the FETI/BETT algorithm involve the solution of extra local Dirichlet problems.
Therefore, it is much more attractive to choose Q as the diagonal matrix defined by (2.55)—
(2.56) for standard one-level methods, or (2.76)—(2.77) for all-floating methods. In that case,
the action of Q and the assembly of GTQ G are of course cheap.

2.2.3.3 Stability with respect to redundancy

In Algorithm 1 we have highlighted the variables in the spaces U and U* in the following
way: The boldface variables )\"), 2" and s correspond to unknowns in V' or Ao + V.
The underlined variables (™ and r(™ correspond to unknowns in V/ = V’ N range B. The
key observations is that all operators applied to the boldface variables, such as F and BT,
are invariant if we add elements from ker B, and each inner product of the form @(”), s(”)>
is invariant if we add terms from ker BT to s(™ since z(™ € range B. Furthermore, all
terms assigned to the underlined variables, such as r(™ really stay in V' = V’ N range B.
It can be shown by induction that the variables A, 2™ and s are always sums of
elements in range () B) and range Bp, i.e., sums of elements where the redundant parts
are normalized. Therefore, no serious numerical stability problems will occur during the
FETI/BETI iteration.
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2.2.3.4 Parallelization

Algorithm 1 can easily be parallelized. In the simplest case each processor is responsible for
one subdomain, but also the multi-subdomain case is possible. Each processor has to keep
only the local mesh(es) with some information for communication. Such local meshes are
either generated from a global mesh using a mesh partitioner such as METIS (see KARYPIS
AND KUMAR [95, 96]). Alternatively, one can start from a geometric domain decomposition,
mesh and distribute the skeleton I'g, and build the volume meshes in parallel.

The Lagrange parameters are global and have to be parallelized using the concept of
accumulated and distributed vectors. We would like to briefly sketch this concept using a
simple example. Below we see a sketch of a FETI method with nine Lagrange multipliers
between four subdomains, each of them assigned to one processor. Due to the topology, two
processors must handle six of the Lagrange multipliers, the others three of them.

1 4 7
proc | 2 proc I 5 proc Il 8 proc IV
3 6 9

The table below shows an accumulated and a distributed vector according to this setting:
In the accumulated case, the entries of the vector of each processor match. In the distributed
case, the entries of the local vectors must be summed up to the real value. For details we
refer, e. g., to HAASE [77].

global index accumulated distributed global vector
1 919 — | —||5|4] — | - 9
2 818 — | — |35 — | - 8
3 7T - 611 -] - 7
4 6|6 | —|—-|3] 3|~ 6
5 5| 5 312 | - 5
6 -1 4] 4| - 311 | - 4
7 =3[ 3|-]-1112 3
8 - =122 |-]-1-1]3 2
9 - -1 1] 1]~ 0|1 1
processor T|IT|IIT | IV || I |II|IIT | IV

The Lagrange variables in U and U* in Algorithm 1 are encoded as accumulated and
distributed vectors: The boldface variables, such as )\(”), correspond to accumulated vectors,
whereas the underlined variables, such as (™), correspond to distributed vectors. The only
communication is necessary for the evaluation of the inner products, the preconditioner, the
projections, and the operations involving the coarse solver (G'Q G)~!. For a more detailed
discussion see OF [138]. If the data of the problem is kept locally as well, some extra
communication is needed to provide the coefficient information for the weighted counting
functions (5;-.
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2.2.3.5 Fast multipole and inexact BETI methods

We would like to mention, that the need of the assembling and the H-LU factorization of
the BEM matrices can be circumvented using special inexact formulations introduced by
LANGER, OF, STEINBACH, AND ZULEHNER [122, 123], and which are related to an earlier
work by KLAWONN AND WIDLUND [108]. There, the FETI/BETI system is rewritten as a
two-fold saddle-point problem. For a pure BETI formulation it has the form

-V I+K 0 t 0
I+ KT D BT uw |l =1 f |, (2.78)
0 B A 0

with the block operators V' = diag(V;), D = diag(D;) (hyper singular operators), etc.
Using standard preconditioners for the single layer potentials V; and the Steklov-Poincaré
operators S;, and using the hypersingular BETI preconditioner, one can come up with an
iterative method for the two-fold saddle-point problem which requires only the application
of boundary element matrices, such as it is offered by the fast multipole method. The
same technique can analogously be applied to hybrid FETI/BETI methods, as it is briefly
discussed in LANGER AND PECHSTEIN [117].

2.2.4 Analysis of one-level FETI/BETI methods

In this subsection we show that the FETI/BETI methods described above are well-defined,
and that the corresponding PCG subspace iteration is quasi-optimal. As discussed in Sec-
tion 1.5.2.3, the convergence of the PCG method is determined by the condition number
of the preconditioned system. In the case of one-level FETI/BETI we have to restrict this
condition number to the subspace V. Following KLAWONN AND WIDLUND [109] we show
that

1€

where the constant C is independent of H;, h;, the number of subdomains, and the values
«; of the coefficient. For a self-contained presentation we have included all the proofs in this
work. Throughout the following analysis we extensively use the following (semi-)norms

lwils, := (Siwi, wi)/?, for w; € V"(0%), (2.79)
1/2
g == (Z \wi]%i) for w e T V(0. (2.80)
1€ i€l

2.2.4.1 Basic results on some of the FETI/BETI operators

First, we show that the projections P and P are well-defined, and that the operator M !
is SPD on V'’ =range P'. An important role is played by the projection operator

Pp := BB, (2.81)

whose properties are summarized in the following two lemmas. The result for standard
one-level FETI methods was proved by KLAWONN AND WIDLUND [109], cf. [184].
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Lemma 2.16. The operator Pp : W — W defined in (2.81) satisfies the identities

BM™'B" = P} SPp, (2.82)
BPp = B, (2.83)

for both the standard one-level and the all-floating formulation. Furthermore, Ep := 1 — Pp
18 a projection to the subspace W, and can be evaluated by

. > 5;[(33}‘) w;(zh) for ah € 0O\ Tp,
(Epw)i(x") := ¢ J€Nn (2.84)
0 for zh € 90 NTp .

In particular, Ep w = w — Pp w satisfies the homogeneous Dirichlet boundary conditions on
T'p, and Ppw vanishes at all non-coupling Neumann nodes.

Proof. The identity B M~ BT = P} S Pp immediately follows from the definition of M ~!
and Pp. From the definition of D;, B;, and Bp we find that for v = Bg)\ we have

vi(z") = Z j:é;(a:h) Aij(z™) for 2" € F?j ,
JENh
vi(z") = Nip(zh) for 2" € QP NT'p in the all-floating case, and v;(z") = 0 for non-coupling

Neumann nodes 2" € (902 NTy) \ I'. Using the definition of the jump operator B and
respecting the signs correctly, we obtain the formula

> ob(@h) (wi(a") —wi(ah)  for x € 9Q! \Tp,

(Ppw)i(a") = { JeNn (2.85)
w; (z") for " € 00 NTp .
It immediately implies that Pp = I — Ep and therefore B Pp = B— B Ep = B. ]

Lemma 2.17. For each i € range B we can find o function w € range Pp such that y = Bw.

Proof. Since p € range B, we can find a function w € W with y = Bw. By Lemma 2.16,
B Pp = B. Hence, setting w = Pp w, we have Bw = BPpw = BW = ju. O

Remark 2.18. The weighted averaging operator Ep plays an important role in the theory
of balancing Neumann-Neumann methods. If the coefficients «; are all equal to one, we have
Ep = FE with the operator F from Remark 2.6 for the standard one-level formulation, and
Remark 2.14 for the all-floating formulation.

For the diagonal choices of @ according to (2.55)—(2.56) or (2.76)—(2.77), the operator @
is SPD per definition. Hence, G'Q G is SPD, and therefore the projections P and P are
well-defined. As the following lemma shows, G'Q G is also SPD for the choice Q = M1,
We note that this issue has neither been discussed in [109] nor [184].

Lemma 2.19. The operator G' MG is SPD, i.e.,

(Bz, M'Bz) > 0 Vz € ker S\ {0} .
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Proof. From the definitions (2.54) and (2.74), we see that M~! is positive semi-definite.
To show the definiteness, assume that (Bz, M~'Bz) = 0 for some z € kerS. Due to
identity (2.82) we obtain |Pp z|% = 0 which implies that Ppz = z — Epz € ker S and
consequently, Ep z € ker S. However, Epz € ker B and ker S Nker B = {0} imply that
Ep z = 0. This means that the function z, which is piecewise constant on the subdomains, is
continuous across the subdomain interfaces and vanishes on the Dirichlet boundary. Since the

domain €2 is connected, there is no other possibility than z = 0, which shows the definiteness.
O

_ The next lemma follows [109] and shows that the preconditioner P M ~1 is SPD on
V' =V’ Nrange B for both choices of Q.

Lemma 2.20. If Q is SPD on range G, then P M~ is SPD on YN/’, i€
(i, M7'p) > 0 YpeV'\{o}.

Proof. From the definitions (2.54) and (2.74), we see that M1 is positive semi-definite. To
show the definiteness on V', we assume that

(u, M~y = 0 for some p € V'.

According to Lemma 2.17 we can find a function w € range Pp with y = Bw. Our assump-
tion implies (u, M~! p) = |Ppw|% = |w|% = 0 and therefore w € ker S. From the definition
of V' we conclude that
(Bw,QB w ) = 0.
eV’ €ker S

Since @ is SPD on rangeG = B(ker S), we obtain that ¢ = Bw = 0 which shows the
definiteness. O

2.2.4.2 The condition number estimate

Since we have seen that all operations in Algorithm 1 applied to elements in V' are invariant
if we add elements from ker BT, we can identify all these elements using the factor space
V. To be accurate in notation we introduce the operator Il : V' — V which performs this
identification. Lemma 2.8 and Lemma 2.15 show that the operator P F : V — V' is SPD.
From Lemma 2.20 we can conclude that the operator II P M~ : V' — V is SPD and has a
well-defined SPD inverse

M:V V. (2.86)

The condition number of the preconditioned operator TP M~ 1PTF : V-V can_be ob-
tained by the Rayleigh quotient. We choose the inner product (M -, -) on the space V. If we
have bounds ¢y, ¢s > 0 such that

=/

—_—~
(MIIPM™'PTEXN X)) (FA N
- (M A, N\) (M N

< e YreV, (2.87)

&1

then k < co/cy.
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The next two lemmas, proved in [109], characterize the operators F' and M, and the
space V'. Recall our convention that writing sup,¢y % implicitly excludes those x from X

with a(z) = b(z) = 0.

Lemma 2.21. We have the identities

Bw, \)? ~
(FA,A) = sup % YAeV, (2.88)
weW |w’s
)2 -
, = sup ————— eV. .
(M A, A) {it, A) VAeV (2.89)

#6\7’ <,U,, M_l M>

Proof. The second identity (2.89) follows from Lemma 1.1 and Lemma 2.17. For the first
identity (2.88), recall that the pseudoinverse ST is SPD on range S and that B' X € range S.
Moreover, with W, := range (ST|rangeS) we have W, @ ker S = W. Finally, by Lemma 1.1,

BT\ 2 B A2 BTw, \)?
(FX\\) = (BT)\, ST BT)\> = sup 7< ’2w> = sup (B (w+ Z>2’ ) = sup 7< w,2 ) ,
weW | |w\5 wew, ‘w + 2‘5 weW ”U)|5
z€ker S
where we have used that A € V. O

Lemma 2.22. Let ) be SPD onrange G and symmetric positive semi-definite on U*. Then,
for any w € W, there exists a unique z,, € ker S such that B(w + z,,) € V'. Moreover,

to = argmin|B(w+2)lg,  and Bzl < |Bull,
z€ker S

where ||pllg = (u, Qu)*/?. The mapping w v+ —z, is a (linear) projection onto ker S =
range R which is orthogonal with respect to the inner product induced by BTQ B.

Proof. Due to the definition of V', the element z, has to fulfill the equation
(@B(w+ zy),Bz) =0 Vz € ker S.

This is a Galerkin equation on the space ker S, and equivalent to the above minimization
problem because ) is SPD on range G. The solution z,, is explicitly given by

ze = —R(GTQG)'GTQBw,

from which we see the linearity and the projection property. The minimizing property and
the inequality follow from the Galerkin orthogonality. O

Until this point all the arguments were more or less algebraic and could be performed on
the operator level. The key result for the FETI/BETI condition number bound, Lemma 2.27,
however, needs deep insight in the structure of the underlying partial differential equation.
Its statement

[Po(w+ 20)[§ S max(l +log(Hi/hi)* [ws  vweW,
1
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was proved by KLAWONN AND WIDLUND [109] for the standard one-level FETT case, building
on a less general but pioneering proof by MANDEL AND TEZAUR [131]. The standard one-
level FETI/BETI case can be found in LANGER AND STEINBACH [118, 119]. The general
proof including the all-floating case will be given in Section 2.2.4.4. Before, we need some
extra assumptions on the subdomain partition. The first assumption basically ensures that
the subdomains are not very thin, cf. TOSELLI AND WIDLUND [184, Assumption 4.3], Part 1,
and it is stronger than Assumption 2.1.

Assumption 2.23. Fach subdomains is a union of a few simplices forming a bounded and
connected Lipschitz domain. The simplices altogether form a coarse, shape-regular, and
conforming triangulation Ty of Q. The number of simplices per subdomain is uniformly
bounded.

Remark 2.24. Assumption 2.23 is typical for iterative substructuring methods. It is of
course very restrictive to assume that each subdomain is composed of a few simplices, in
particular in view of mesh partitioning. Indeed, partitioning of unstructured meshes result
in subdomains where one cannot even ensure that they are uniform Lipschitz. Recently,
a new theory of domain decomposition methods for less regular subdomains was initiated
by DOHRMANN, KLAWONN, AND WIDLUND [44, 45] using in particular the theory of John
domains (see HAJLASZ [83] and the references therein). A complete analysis of FETI-DP
methods in the plane is given by KLAWONN, RHEINBACH, AND WIDLUND [113]. The three-
dimensional case is still an open problem although there seem to be promising results [191].
We mention that one of the key tools for this theory is the Scott-Zhang quasi-interpolation
operator, see Section 1.5.2.5. In this thesis we will stick to Assumption 2.23, also because
we need uniform Lipschitz domains for the theory of boundary integral operators.

Assumption 2.23 implies that the number of subdomains sharing the same vertex, edge,
or face is uniformly bounded, and the number of vertices, edges, and faces of a subdomain
is uniformly bounded too.

The next assumption basically states that if a face intersects I'p the intersection has
measure O(H ZQ ) and is well-shaped, and if an edge intersects I'p the intersection has measure
O(H;) and is well-shaped too, see also [184, Assumption 4.3], Part 2. For simplicity, we
introduce the following little bit stronger assumption.

Assumption 2.25. The interface between the Dirichlet boundary I'p and the Neumann
boundary I' s aligned with the subdomain partition.

With Definition 2.2 and Assumption 2.25, we find that I's \ (I' UT'p) consists only of
faces (edges in two dimensions) which are part of the Neumann boundary I'y.

The next assumption is only needed for the standard one-level method, and can be
dropped in the all-floating case.

Assumption 2.26. In case of the standard one-level formulation in three dimensions, we
have to assume that the intersection of a subdomain boundary 0S); with the Dirichlet boundary
I'p is either empty or at least a subdomain edge.

For the following lemma and theorem, let all the assumptions from above be fulfilled, in
particular Assumption 2.23, Assumption 2.25, and Assumption 2.26.
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Lemma 2.27. For the standard one-level or the all-floating method, let either QQ be chosen
according to (2.55)—(2.56), respectively (2.76)~(2.77), or let @ = M~'. Then,

|Pp (w + zw)% < C meazx(l + log(Hi/h,A))2 |w\§ Yw e W,

where z,, € ker S is the unique element from Lemma 2.22 and the constant C' is independent
of H;, h;, the number of subdomains, and the values «; of the coefficient.

Proof. Postponed to Section 2.2.4.4 0

With this lemma, we can formulate the main theorem on the condition number of the
FETI/BETTI algorithm, which is taken from [109].

Theorem 2.28. For the standard one-level or the all-floating method, let either () be chosen
according to (2.55)—(2.56), respectively (2.76)—(2.77), or let @ = M~'. Then we have the
condition number bound

1€

where the constant C is independent of H;, h;, the number of subdomains, and the values o
of the coefficient.

Proof. With the previous considerations it suffices to show the upper and lower bound in
(2.87). N

Lower bound. Let pu € V' be arbitrary. Due to Lemma 2.17 we can find a function
w € range Pp with Bw = p. From Lemma 2.21 and Lemma 2.16 we obtain that

(Bw, N _ (N (N ()’
Powly  (Bw, M TBuw)  (u M 15
Since p € V' was arbitrary, this implies the desired lower bound with ¢; = 1.
Upper bound. Let A € V be arbitrary but fixed. According to Lemma 2.22, for each
w € W there exists a unique z, € ker S with B(w + 2,,) € V'. It is also easy to see that the
set {B(w + zy) : w € W} is a non-trivial subset of V’. We obtain

(FX ) > VAeV.

(2.90)
|w|?

A 2
<M )\7 )\> Lemrrg 2.21 <M, jl
e (e M1y
maller 2
sma. ezspace sup <B(w + zwl)’ )\>
weW <B(w + Z’Lu)a M= B(w + Zw)>
zwEker S, AeV <B w, )\>2
= SUp ——
wew | Pp(w + 2u)|%
Lemma 2.27 1 <B w, )\)2
z 5 Sup 2
C max(1 +log(Hi/hi))* wew  |wlg
Lemma 2.21 1
= FX )\
C max(1 + log(H;/h;))? (FA A
€L
which shows the desired upper bound with ¢ = C' max(1 + log(H;/h;))?%. O

1€

Remark 2.29. As shown in BRENNER [23], the condition number bound from Theorem 2.28
is sharp in two dimensions. Sharp bounds for the closely related Neumann-Neumann method
in three dimensional can be found in BRENNER AND HE [25].
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2.2.4.3 Technical tools

Recalling the characterization (2.85) of the Pp operator,

h 2, 5;($h) (wi(l’h) — wj(:ch)) for xz € 89? \Tp,
'LUz(l'h) for .f[fh c 8Q2h N FD :

we see that the operator delivers a weighted difference of w; and neighboring functions wj;.
Obviously, the set of neighboring functions changes if we move, e. g., from a subdomain face
to a subdomain edge (see Definition 2.2). We can easily construct a function v € W such
that (Ppu); is supported only on an edge by choosing u discontinuous across the edge and
continuous elsewhere. This observation suggests that we can estimate the face, edge, and
vertex contributions of Pp (w+ z) separately without being too generous. Indeed, BRENNER
AND HE [25] showed that the estimate in Theorem 2.28 is sharp. In order to separate the
contributions we define the following cut-off functions, according to [184, Section 4.6].

Definition 2.30 (Finite element cut-off functions).
e For a vertex V; we define the function 0y, € V"(98) as being 1 at the vertex V;, and

zero on all other nodes.

e For an edge & we define Og, € VH(0S;) as being 1 at the nodes on the (open) edge &;,
and zero on all other nodes.

e For a face F; we define 0, € VR(O;) as being 1 at the nodes on the (open) face F;,
zero on all nodes.

Definition 2.31. Let I" denote the nodal interpolator onto V() (resp. V(08;)) which
is continuous in the H'-seminorm (resp. HY/?-seminorm) and in the L?>-norm for quadratic
functions. See [184, Lemma 3.9].

Notation. We write X; generically for a face, edge, or vertex on 9€);. By the expressions
Zlh(gxiwi), Z Ih(HXiwi), and Z Ih(HXiwi),
X; X, X, CI'p

we mean that we sum over all faces, edges, and vertices on 0€2;, 9€2; N I', and 092; N I'p,
respectively. In two dimensions, the faces are of course skipped.

The cut-off functions provide a partition of unity in the sense that

> IMOxu) = u Yue V(0. (2.91)
X

Definition 2.32 (discrete harmonic extension). For a function u € V"(0S;) let Hiu €
Vh(Qi) denote its discrete harmonic extension from 0§2; to §; such that

Hiu = argmin [u|g1(q,)- (2.92)
aevh(Q)
ﬂ\aszl:u
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Due to the minimization property of the FEM Schur complement (Lemma 1.32) we have
]u@z = o |qu‘§{1(ﬂz) for i € Trgpm - (293)

In order to work with discrete harmonic extensions in the BEM domains as well, we introduce
auxiliary quasi-uniform and shape-regular triangulations 7 (£2;) with mesh parameter h; for
i € Iggm. Due to the FEM-BEM equivalence from Lemma 1.33, we have

]u|?gz ~ |H2u|§{1(91) for ¢« € IpgMm - (2.94)
Notation. To be short, we write H;(0x,u) for H;(I"(Ox,u)).
Notation. In the sequel we use a scaled H'-norm defined by

1
lullf oy = lultg,) + il ull2 g, - (2.95)

1

which helps to keep track of the explicit dependency of the following estimates on the sub-
domain diameters H;.

The following two lemmas give several estimates on discrete spaces. The indicated refer-
ences are to be understood as sources where the corresponding estimates can be found, but
not necessarily the original sources.

Lemma 2.33. In two dimensions, for all functions u € V"(Q;) we have

() vl S )P < Jullieq, (trivially),
(ii) ullie iy S (1+log(Hi/ha)) ull? g, [184, Lemma 4.15],
(i) [Hi(Ogw)lip o,y S (1+log(Hi/h))® |ullfp )

(iv) ’Hzﬂ&-@{l(gi) S (1 +1log(H;/hy)).

For inequality (iii) we refer, e.g., to MANDEL AND BREZINA [129, Lemma 4.5] which
provides (iv) as a byproduct. The first inequalities of that kind were probably given in
BRAMBLE, PASCIAK, AND SCHATZ [19]. See BRENNER AND SUNG [28] for sharp estimates.

Lemma 2.34. In three dimensions, for all functions u € V(Q;) we have

(i) HiOsw)iny S lullize, [184, Lemma 4.19],
(ii) lullae, S (1+log(Hi/h) lulpq, (184, Lemma 4.16],
i) MiOrw gy S (1 +1og(Hi/h) gy (184, Lemma 4.2
(iv) ]Hiﬁfilél(ﬂi) < (14 log(H;/h;)) H; [184, Lemma 4.25].

For a vertex V; in three dimensions, we see that w(V;) ¢y, is a discrete extension of
1 h(HVZ.u), where ¢y, denotes the nodal finite element basis function corresponding to V;.
Therefore, we obtain the trivial estimate

Hi(Ov) 30y S hiluW)P < lullfze,) (2.96)

where &; is an edge with V; being one of its endpoints.
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Remark 2.35. The face estimates in Lemma 2.34 are proved constructing a particular
function 9z, € V(Q;) which is an extension of §, and which satisfies the same estimates.
Similarly the edge estimates are proved using the function Jg, € V"(£2;) which equals 1 at
all the nodes on the open edge &;, and zero elsewhere.

Corollary 2.36. The cut-off functions from Definition 2.30 induce a stable decomposition
in the sense that

> HiOxw) G,y S (1 +1og(Hi/hi))? ulli g, -
X

The constant hidden in “<” depends on the number of faces, edges, and vertices of §;, which
is due to our assumptions uniformly bounded by a relatively small number.

Proof. Directly follows from Lemma 2.34 and Lemma 2.33. O

The following lemma is kind of reverse to Corollary 2.36: The composition of cutted
parts of a function is continuous in the energy norm.

Lemma 2.37. For each u € V"(Q;) we have

\Hiu\%n(gi) S Z‘H’i(e-){iu)ﬁll(Qi)7
X

The constant hidden in “<” depends only on the number of faces, edges, and vertices of ;.

Proof. With the partition of unity property (2.91) we see that . H;(fx,u) is a discrete
extension of u from 92; to ;. The minimization property (2.92) and the triangle inequality

impl
imply 2 )
Hiulpi,y) < (Zmi(e&u)ml(m)) :
Xi

Using the Cauchy-Schwarz inequality in the Euclidean space R™, where m is the number of
faces, edges, and vertices of §2;, we obtain the desired statement. ]

If a non-floating subdomain intersects the Dirichlet boundary I'p only in an edge (vertex
in two dimensions), we cannot use a Friedrichs inequality, which we can if the intersection is
a face. The following discrete Poincaré-Friedrichs inequality helps to overcome this problem
in the discrete case.

Lemma 2.38 (Discrete Poincaré-Friedrichs inequality). In two dimensions, let V; be a vertex
of Q;. Then we have,

lu = u(Wi)llf2, S HF (1+log(Hi/hi)) lulfng,y — Yue V().

In three dimensions, let & be an edge of €);. Then we have

lu =032, S HP (1+1og(Hi/hi) [ulfn g, Yue V),

with the edge average ut = |;i| f&' uds.
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Proof. The statement in two dimensions is a direct consequence of Lemma 2.33,(i)—(ii). The
three-dimensional case is proved using Lemma 2.34,(ii) and a Poincaré type inequality, see
[184, Lemma 4.21]. O

The last statement we need is that the discrete harmonic extensions from a face to its
two adjacent subdomains are equivalent in the energy norm.

Lemma 2.39. Let F;; be a face shared by €; and §2;. Then,
Hi(OF, )iy = IHiOr,wine,  YueV(Fy).

Proof. We present two techniques.
(i) One can use the discrete trace theorem (cf. [184, Lemma 4.6]) stating that

MO, ) o) = 11M6r,0) g, ot k=i, ]

The norm on the right hand side is equivalent to the Holf—norm on the open face F;; for
both & = ¢ and j and the equivalence constant depends only on the shapes of 2; and (2;
because H; ~ H;.

(ii) Let U;; denote the open union of €2; and €2;. Due to the extension theorem (cf. EVANS [53,
Sect. 5.4]), there exists an operator E;; : H'();) — H'(U;;) with

(Eijw)o, = w, and  |Bjwlfng,) S [wlio, Yw e V(). (2.97)

The hidden constant depends only on the shapes of §2; and ;. As shown by SCOTT AND
ZHANG [170], cf. Lemma 1.28, there exists a quasi-interpolation operator II* : HY(U;j) —
V™ (U;;) with

M)z, = w Yw € ViU,

1,

(2.98)
|th|%11(uij) S |w|§{1(uij) vw € H' (Uyj)

The hidden constant depends only on the shapes regularity constant of 7 (14;). With these
two operators we can conclude that for w; := H;(0ru), the function (HhEijaj)‘Qj is an
extension of I"(67,u) from V"(8€;) to V"(£;). Finally, we can conclude from (2.97) and
(2.98) that

h ~ ~ ~
MO, w50, S M Bytiling,) S 1Bitiling,) S |Gl -
Switching the roles of ¢ and j finishes the proof. O

Remark 2.40. The norm [H;(0r,, u)@l(g_) is a discrete realization of the H&f—norm of u
on the open face F;;.

2.2.4.4 The Pp-estimates

Applying the tools from the last subsection to |(Pp w)z% we will end up with terms in the

scaled H'-norm,

1
IHiwilli o, = |Hiwz‘|12ql(9i)+ﬁ\|Hiwz‘||%2(9i)'
K3
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In order to eliminate the L?-norms we would like to employ a Poincaré inequality on the
floating subdomains: If the mean value of H;w; over the boundary 9€); vanishes, we have

1 1
m”HiWH%?(Qi) = ﬁCI%Hf Hiwili) S Hiwiling,
(2

7

due to Corollary 1.10. The next lemma helps to make Poincaré’s inequality applicable.

Lemma 2.41. The following inequalities are equivalent.

IN

C* lwl% Yw e W,
C* |w|% Vw e W,

|Pp (w + 23
|Pp (w + 20)[§

IN

where
wt .= {w eWw: / (Hyw;)(x)de =0 Vie Iﬂoat} :
Q;

Proof. Of course the first inequality implies the second one. Assume that the second in-
equality holds true, and let w € W be arbitrary but fixed. First, Lemma 2.22 states that the
mapping w — z, is linear and that z, = —y for y € ker S. Therefore, w42, = (W+y)+(2w+y)
for any y € ker S. Secondly, |w+y|% = |w|% for any y € ker S. We can easily find an element
Yw € ker S such that w + y,, € W by setting

1 . )
(Yw)i == oo /Q (Hiw;)(x) dz for i € Zgoat (Yw)i =0 for i & Tqoat -

Apparently, the above invariants directly imply the first inequality. O
Lemma 2.42. We have

[Powls S max(l+log(Hi/hi))*[wls — Vwe W™
1€

Proof. We give the proof in three dimensions. The two-dimensional case works analogously.
Let w € W+ and i € T be fixed. Recall the characterization (2.85) of the Pp operator,

> ol (wi(a") —wi(a)  for x € 9Q! \Tp,
(Pp w)i(:ch) = JEN K
w; (x") for " € 9QF NTp,

which reveals that there is no contribution on non-coupling Neumann nodes. As noticed
before, the index sets Aj. are invariant for 2" € X;, which justifies to write Ny, for these
sets. Using the BEM-FEM spectral equivalence (2.94) and Lemma 2.37 we obtain

(Ppw)ils, < ai|Hi(Ppw)ilin o,

2
S oy dox ) 5;'(”2‘_%')}‘1{1(9» +ai > [HilOxwi)lin, - (2.99)

X;cT JEN, X;CT'p

=:T;
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Since the weighted counting functions 5;[ are invariant on the nodes on faces, edges, and
vertices X;, we can write 5T i1, for these constant values. Using the fact that each face, edge,

and vertex is shared by a uniformly bounded number of subdomains, we obtain

Z Z o; (5JT|X [Hi(0x, (w; — w, )‘Hl Q)

X;CT jeNy,
With the inequality

a; (5;-(30}1))2 < min(ay, o) vzl e I

h (2.100)

which can be proved by an elementary argument, we can conclude that

S Y > min(ag, ap) [Ha(Ox (wi —wi))inoy S Y, D @ [Hil0xw;)in o,

X CT jeNx, X CT jEN,

Combining with (2.99) we obtain

(Pow)ils, S ). Y i [Hi(Baw)) 3 a,) - (2.101)

X;CTUl'p jeNx,
e For faces F;, Lemma 2.39 and Lemma 2.34(iii) gives

Hi(OFwi)lTn o) S HiOrw)ling,) S UHog(H;/h)) IHjwilling,) — ¥i€NF.

e For an edge &;, Lemma 2.34(i)—(ii) yields

HiOsw)) oy S Tullae) S (1+log(H;/h) w2, Vi€ N,

e For a vertex V; we can find an edge &; for each j € Ny, touching V; and obtain from
(2.96) that

Hi(Ovw)lin oy S Ilullfege,) -

From here we can continue as in the edge case.

Summarizing, we have

(Pow)ilz, S Y aj(1+1og(H;j/hy))? [Hiwjll3nq,) (2.102)
JEN;

where N is the index set of subdomains which are neighbors of ;. Since w € W, we can
use Poincaré’s inequality on the floating subdomains to obtain

HijjH%—Il(Qj) S |ijj|12ql(gj) Vj € Lpoat - (2.103)

Note that the hidden constant is independent of H; because we have used the scaled H'-norm
due to (2.95).
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All-floating formulation Since all subdomains are floating, we obtain from (2.102),
(2.103), and the BEM-FEM spectral equivalence (2.94) that

(Ppw)ils, S D (1+log(H;/hy))? [wjl%, - (2.104)
JeN;

Since the number of neighbors to each subdomain is uniformly bounded, the statement of
Lemma 2.42 follows immediately.

Standard one-level formulation Here we need to investigate the non-floating subdo-
mains. If a subdomain 2; shares a face with the Dirichlet boundary I'p, the Friedrichs
inequality from Corollary 1.10 implies

2 2
Hijj”Hl(Qj) S |ijj|H1(Qj)'

Due to Assumption 2.26 the only case left is that a (non-floating) subdomain shares an edge
&; with I'p. The discrete Poincaré-Friedrichs type inequality Lemma 2.38 yields

IHjwillFn g,y S (1+log(H;/hy)) [HjwjlFq,) -

which would result in a total power of 3 in the logarithmic term compared to (2.104). To get
rid of one power we need to enhance the estimates above, cf. KLAWONN AND WIDLUND [109].
First, note that in the standard one-level formulation, the second summand in (2.99) equals
zero. Therefore,

(Pow)ils, S Y Y [Hil0x,(wi —w;))in, - (2.105)
XiCFjE./\/-Xi

We define the averages

1
wg - (kak)(a:) dx forkeT.

%l Ja,
For a face F;; sharing (); and (2; we have
|Hi(0-7'—ij (wi - w]))‘?—ll(ﬂz)
S |Hl(9-7'—” (wl - @l))ﬁ{l(ﬂl) + |EZ - wj‘Q |H10-7'—” |§{1(QZ) + ’Hl(ef” (wj - w]))ﬁ{l((zl) .

The first term (and analogously the last term) can be estimated using Lemma 2.34(iii) and
Poincaré’s inequality:

(1 + log(Hi/hi)? | Haw; — Wil 3,
(14 log(H;/h;))? |Hiwi|12L11(Q¢) :

<

The second term can be bounded using Lemma 2.34(iv) and the Cauchy-Schwarz inequality:
@, — @, [Hi05, By S (L4 log(Hi/h)) { [l + i}

1 1
S (U log(Hi/h) { s lwilleca,) + Tz lwilFaa,) } -
i J
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Both L?-terms can be estimated in terms of the H'-seminorm using either the discrete
Poincaré-Friedrichs inequality from Lemma 2.38 or Poincaré’s inequality, resulting in a total
factor of (1+1log(H;/h;))?. For edge and vertex terms, the estimates from above need not be
modified, since they deliver only one power of the logarithmic term. This finishes the proof
of Lemma 2.42. O

Lemma 2.43. If Q = M ™!, then

|Pp 2wl < |Ppwl}.
Proof. Using identity (2.82), i.e., P} S Pp = B'M~! B = BTQ B, and Lemma 2.22 we have
|Pp2wlé = [Bzuly < |Bwlg = |Ppwl. H

Lemma 2.44. If Q is chosen according to (2.55)—(2.56) or (2.76)—(2.77), then

|Pp 2% < r?eazx(ulog(m/hi))?yw@ Yw € W.

Proof. Again we give the proof in three dimensions. The two-dimensional case works analo-
gously. Let w € W+ be fixed. Note that z, is constant on the subdomains and vanishes on
the non-floating subdomains. We denote the components by z;. Using the same arguments
as in the proof of Lemma 2.42 we obtain for each ¢ € Z,

|(Pp 2w)il3, (2.106)
S D0 Y min(ay, ap) [Hi(Ox, (20 — 2) iy + D @ Hi(0x20) 3 q,)
X;Cl jeNx, X;cl'p
= Z Z min(ai, Ozj) ‘Hia%ﬁll(ﬁi) ‘ZZ — Zj|2 + Z (67; ’Hi(gxiﬁp(ﬂi) ’21’2
XZ‘CF]'GNXZ. X;CI'p

Lemma 2.34(i), (iv) and the trivial estimate (2.96) yield

(Hib7 5,y S (1+log(Hi/hi)) Hi,
[HiO¢, ’%{1(90 H; (2.107)

S
< hy

[ Hibv, |1 ()

We interpret the terms z; — z; as components of Bz, (up to the sign). In the standard
one-level case, the subdomains §2; touching the Dirichlet boundary are non-floating. Conse-
quently, the second summand in (2.106) vanishes as z; = 0 for i & Zgoat. In the all-floating
case, the z; are components of B z,, if the subdomain €); touches the Dirichlet boundary.
Using that each face F; contains O((H;/h;)?) nodes, and each edge & contains O(H;/h;)

nodes, a coefficient comparison with the values of @ (see also Remark 2.11) reveals that
(Pp )iy, S IBzld < [Buwl?, (2.108)

where in the last step we have used Lemma 2.22. The right choice for () can in fact be read
off from (2.106) and (2.107).

In order to bound ||B w||22 in terms of |w|%, we employ another splitting into face, edge,
and vertex contributions.
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o A face Fj; contributes

D 4" fwi(@") —w;(=")?

xhe.ﬁhj
. 1
< min(as, o) (1 + log(Hi/hi)) 7 ne Y wi@”) = wy(a")?
! :chéffj
=~|[w; —wj |2

L2(F)

1 1
S i (1+10g(Hz'/hz'))ﬁ”wiﬂiz(g) + a; (1+10g(Hj/hj))FijH%z(ﬂ)-
% J

e Similarly, in the all-floating case, a face F; C I'p contributes

1
> aila") JwieP < O‘i(l"i_log(Hi/hi))ﬁHwiH%Q(}})‘

a:hefih

e An edge &;; contributes

> aii(@") [wia") —wi(@")? S min(ag, aj) by Y fwila") - wi(@")?

hegh hech
T ESZ-]- T 65”-

< min(ag, @) lwi = willaey S aillwilliae, + aillwiliae, -

e Similarly, in the all-floating case, an edge & C I'p contributes

D0 @@ [wi@)P S aillwillfae, -

J:heé'lh

e The contribution from a vertex V;; can be bounded as follows,
ai; (V) [wi(Vij) — wj (Vi) P < min(ou, o) i [wi(Vij) — w;(Vig)|?
S aillwillfage, + o lwillZae,)

where the edges & and &; are chosen such that they touch V;;.
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e Similarly, in the all-floating case, the contribution from a vertex V; C I'p can be

bounded by
eV [wiV)P S aihiloiVi))? S aillwjlZae,
for an edge &; touching V.

Summarizing, we obtain

1
IBwll} < Z; ;vajuﬂog(ffj/hj)){ﬂjijniz(mj)+€erwj||%z<gj)}-
1€L JEN; J

(2.109)
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Using Corollary 1.12, the term H% Hw]’“%%an) is bounded by ||ijj||%{l(gj)' With the help
of Lemma 2.34(ii) we can bound the edge terms,

lwillfze,) S (1+log(H;/hy)) IHjwjllfn ;) -

With the discrete Poincaré-Friedrichs inequality, and combining (2.108) and (2.109) we ob-
tain

Pozufd $ 303 ay (14 log(Hy/hy))F Pyl ) S max(l+log(Hi/hi))? ful?,
i€l jeN;
where in the last step we have used the BEM-FEM spectral equivalence (2.94). This finishes
the proof of Lemma 2.44. O

Combining Lemma 2.42, Lemma 2.43, and Lemma 2.44 immediately implies the state-
ment of Lemma 2.27.

Remark 2.45. If the coefficients are all equal (or at least only moderately varying) and
Q@ = I, the statement of Lemma 2.44 holds still true, c¢f. KLAWONN AND WIDLUND [108].
We see this from a slight modification of the above proof. The only crucial point is that if
two subdomains €2;, ©; share an edge or a vertex but not a face, the term |z; — zj\Q can be
simply estimated by the sum of terms |z; — 2¢|?> where Q4 and €, share a face. Note that
here we really use that the coefficients are all equal. This way all terms can be estimated by
face contributions of B z. The rest of the proof is then mainly identical.

2.2.5 Numerical results

In this section we present some numerical results for one-level FETI/BETI methods for a
two-dimensional linear model problem with coefficient jumps. The main implementation
was done in C77. The FEM stiffness matrices and the coarse matrix were factorized using
PARDISO [37, 166, 167]. For the boundary element method we have used Olaf Steinbach’s
Fortran package OSTBEM [176]. The condition numbers are estimated using the Lanczos
method, where we used a code fragment by Eero Vainikko. For the visualization we use GMV
(see http://www-xdiv.lanl.gov/XCM/gmv/GMVHome.html). Mainly interested in verifying
the theoretical results of this chapter, we have not used any data-sparse approximation of
the boundary element matrices.

Note that detailed computational results for FETT methods are found in RHEINBACH [153];
for numerical results on all-floating BETT methods see OF [138, 139].

Figure 2.4: Example 2.1: Unit square.
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Example 2.1: Unit square, homogeneous coefficient We consider the unit square
Q = (0, 1), subdivided into 64 equal-sized square-shaped subdomains, with homogeneous
Dirichlet boundary conditions on the left side I'p, and homogeneous Neumann boundary
conditions on the rest of 9€2. The source term f is chosen to be zero except for the four
shaded subdomains in Figure 2.4, and the coefficient « is set uniformly to one.

Table 2.1 and Table 2.2 show the results for FETI and FETI/BETI, respectively. There,
the column entitled “Lagr. mult.” indicates number of Lagrange multipliers (additional
multipliers enforcing the Dirichlet boundary conditions in the all-floating method are not
counted). For simplicity, H denotes the height/width of the subdomain. In the columns
entitled “PCG” we give the number of PCG steps needed to get a reduction of € = 1072 in
the residual, and the columns entitled “cond.” show the estimated condition number using
the Lanczos method. We see that the condition numbers of the preconditioned systems
behaves as predicted by the theory. From the first column in the two tables one can observe
the reduction in the global DOF's when using the boundary element method. In Table 2.3 we
demonstrate the scalability, i. e., the robustness with respect to the number of subdomains.

global | Lagr. local std. one-level all-floating
DOFs | mult. | DOFs | H/h | PCG | cond. || PCG | cond.
289 406 9 2 9 1.67 8| 1.40
1089 630 25 4 11 2.20 10 | 1.88
4225 | 1078 81 8 13 ] 297 12| 243
16641 | 1974 289 16 16 | 3.92 14 | 3.15

66049 | 3766 1089 32 18| 5.05 16 | 4.05
263169 | 7350 4225 64 21 6.33 18 | 5.12
1050625 | 14518 | 16641 | 128 23 707 19| 6.36
4198403 | 28854 | 66049 | 256 24| 9.38 21| 7.76
16785409 | 57526 | 263169 | 512 25| 11.15 23| 933

Table 2.1: Example 2.1: Standard one-level vs. all-floating FETI method; 64 subdomains.

global | Lagr. FEM BEM std. one-level || all-floating
DOFs | mult. | loc. DOFs | loc. DOFs | H/h || PCG | cond. || PCG | cond
229 406 9 8 2 9 1.65 9| 1.64
549 630 25 16 4 10 1.91 9| 1.67
1285 | 1078 81 32 8 13| 2.58 11 | 2.08
3141 1974 289 64 16 15 3.44 13 | 2.72
8389 | 3766 1089 128 32 18 | 4.48 16 | 3.54
25029 | 7350 4225 256 64 20 | 5.68 18 | 4.54
82885 | 14518 16641 512 | 128 23 | 7.03 20 | 5.71
296901 | 28854 66 049 1024 | 256 24 | 8.55 22 | 7.05
1118149 | 57526 263 169 2048 | 512 25 | 10.24 23 | 8.55

Table 2.2: Example 2.1: Standard one-level vs. all-floating FETI/BETI method; 64 subdo-
mains (60 BEM, 4 FEM).
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number of global || std. one-level all-floating
subdomains DOFs || PCG | cond. || PCG | cond.
64 66 049 18 | 5.049 16 | 4.045
256 263 169 18 | 5.055 16 | 4.064
1024 | 591361 18 | 5.055 16 | 4.064
4096 | 1050625 18 | 5.053 15 | 4.057

Table 2.3: Example 2.1: Standard one-level vs. all-floating FETI method; fixed ratio H/h =
32; fixed number 1089 of local FEM DOFs, varying number of subdomains.

Example 2.2: Unit square, heterogeneous coefficient In this example we consider
the unit square (0, 1)? with the same partitioning as before, but we choose the coefficient o
and the source f according to Figure 2.5, left. The Dirichlet boundary conditions read

u(l’l,l'g) = 8:E2(1—8:L‘2) for (l’l,l'g) EFD,

and on the rest of 92 we impose homogeneous Neumann boundary conditions.

Table 2.4 and Table 2.5 show the number of PCG steps and the estimated condition num-
ber for the standard one-level and all-floating FETI and FETI/BETI method, respectively.
In the second case, the BEM subdomains are exactly those where f = 0. The numbers in
the tables demonstrate the robustness with respect to the heterogeneous coefficient, which
would not be the case without the careful scalings in D; and ). Figure 2.5, right displays the
solution u to the problem. We see that a large coefficient results in a relatively flat solution.

Figure 2.5: Left: Setting in Example 2.2: Piecewise constant coefficient distribution, Dirich-
let boundary, source distribution. Right: Visualization of the solution u via the graph
(21, z2, u(z1, uy)); different colors indicate different subdomains.
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global local std. one-level || all-floating
DOFs | DOFs | H/h | PCG | cond. | PCG | cond
289 9 2 10 | 2.23 8| 1.54
1089 25 4 11 2.69 11 ] 2.12
4225 81 8 13| 3.18 13| 2.90
16641 289 16 15| 3.84 15| 3.84
66 049 1089 32 17 4.91 171 4.91
263 169 4255 64 19| 6.10 19| 6.10
1050625 | 16641 | 128 21 7.42 22 | 7.43
4198401 | 66049 | 256 23| 891 24 | 8.88
16785409 | 263169 | 512 26 | 10.60 25 | 10.47

Table 2.4: Example 2.2: Standard one-level vs. all-floating FETT for jumping coefficients.

global FEM BEM std. one-level || all-floating
DOFs | loc. DOFs | loc. DOFs | H/h || PCG | cond. | PCG | cond
257 9 8 2 71 1.68 7| 1.64
801 25 16 4 10| 2.24 9| 2.24
2657 81 32 8 11 3.09 12 | 3.09
9441 289 64 16 13| 4.08 13| 4.08
35297 1089 128 32 14| 521 15| 5.21
136 161 4255 256 64 16 | 6.46 17 | 6.46
534497 16641 512 | 128 17| 7.83 18| 7.83
2117601 66 049 1024 | 256 18| 9.33 20 | 9.33
8429537 263 169 2048 | 512 19 | 10.96 21 | 10.96

Table 2.5: Example 2.2: Standard one-level vs. all-floating FETI/BETI for jumping coeffi-
cients; 32 FEM, 32 BEM subdomains.

The above results and the ones that follow were carried out on the RICAM computer
thebrain which offers four dual-core Intel Xeon processors at 3.40 GHz (in total 8 proces-
sors), 16 MB processor cache and 64 GB RAM in total.

2.2.6 A reformulation of the FETI/BETI PCG algorithm

In this subsection we present a slightly different approach to the analysis of the FETT/BETI
methods discussed before which uses a (formal) reformulation of Algorithm 1. In our refor-
mulation we get rid of the auxiliary Lagrange variables in U and U* via a transformation to
variables in W* and W. This is not in order to enhance the FETI/BETT algorithm, but to
gain more insight into the algorithm. In particular we will see that the Lagrange multipliers
are just auxiliary variables which parameterize the flux, and that the actual FETT/BETI
method happens between Dirichlet and Neumann data on the interface.
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With the notation from Algorithm 1 we introduce new variables
t .= BTaAM
s .= BTsM (2.110)
z" .= BTz
in range BT ¢ W* and choose z("), 3(”) € W such that
r = pr
™ = px(™

(2.111)

Note, that t(™ is an element from W* and not a vector. In order to reformulate Algorithm 1
in terms of the new variables, we define the operators

Py :=1-R(G'QG)"'GTQ B, (2.112)
Py :=1-B'QG(G"QG)'R", (2.113)
which imply the relations
B'P = P}, B, P'B = BPy, SPy = S, (2.114)
Recall that
b = Bijp (2.115)

for the all-floating methods. The resulting reformulation is displayed in Algorithm 2 for the
all-floating case. To obtain the standard one-level FETT/BETTI algorithm, we formally have
to set gp = 0. We point out that the Lagrange multipliers are now hidden in the operators
PD and PW

A short investigation reveals that Py : W — W and PI}—, : W* — W* are projections
satisfying

range Py = (ker §)*BTeE = {fweW:(BTQBw,z) =0 VzekerS}, (2.116)
range P, = rangeS = kerR'. (2.117)
The projection I — Py onto ker S = range R is B'(Q B-orthogonal. From the proof of

Lemma 2.22 we see that
Pyrw = w+ zy,.

Furthermore, we have the following invariants in Algorithm 1 (left column) and in Algo-
rithm 2 (right column) which can easily be shown by induction.

f- BTAM ¢ range S, - t) ¢ range PVT/ =range S,
A A0 g range P =V, £ — £ € range PV—EF/ Nrange B,
t( € range BT,
. . (2118)
2™ s ¢ range P, z | s(™ ¢ range Py, Nrange B ',
2™ ™ e range P Nrange B = % , ™ e range Py ,

rm = PT(d— F)\(n))’ ™ = p, St [(f _ r(ﬂ)) _ gD] _
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Algorithm 2: Reformulated all-floating FETI/BETI algorithm.

Input: f (and b for all-floating), €, nmax
Output: u
60 = (1 - PJ)f

1O = Py [ST(f —t©) ~gp] = Pw (SIR), f —3p)
20 = Pl P} 5 Ppr®

S(O) = Z(O)

ﬂo — <£(0)’ z(0)>

n=>0

while 3, > §y - ¢ and n < np.x do
x(M = py, Sts()

a = /Bn/an

t( ) — ¢() £ o s()

r(n ) — p(n) _ o x(n)

z"tY) = Pl Pl S Pp™

= <£(n+1)7 Z(n+1)>

£=(GTQG)'GTQRB[SI(t™ — f) +gp]
u=ST(f—tM)+ R¢

} u= Py [ST(f —t™) —Gp] + b
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From the last line above, we see that if the algorithm terminates after n steps, we have
u = 1" +7p. (2.119)
We summarize that there are two kinds of main variables in Algorithm 2:

e The variables t(™, z(") and s e range BT C W* are continuous normal fluzes
because E Tt = 0, see Remark 2.6 and Remark 2.14. The expressions f—t() t(") —t(0)
2 and s(™ stay in the subspace range PVT, = range S. The block pseudoinverse ST
is only applied to these expressions.

e The variables (™ and x(™ are projected, discontinuous Dirichlet traces in the subspace
range Py C W. Note that the space of continuous functions Wis a subspace of
range Py. Since (I — PW)Q(”) =0 and (I — PW)X(R) =0, we can call ™ and x(™
partially continuous as their projections to the coarse space ker S are continuous.

The inner product used in the PCG is nothing but the duality pairing (-, -)ywxw.

Assume that we have exact arithmetics and that the original FETI/BETI algorithm
terminates after n steps such that 8, = 0. This implies <M_1f(”), f(”)> = 0. Since M~ is
SPD on V', we can conclude that (" = PT(d - F/\(”)) = 0. The resulting solution u is
continuous and satisfies the given Dirichlet boundary conditions because

Bu = BPyST[(BTA™ — f)+gp] +Bgp = PT(FA™ —d) +b = b,  (2.120)
N—————
:—r("):(]

where we have used the identity (2.115). The continuous solution u satisfies the skeleton
equation (2.14) because

ET(f—Su) = ETf—ETSSI(f—B"AM™) - SR¢

2.121
= E'f—ET(f-=B"AM™) = ETBTAM = 0. (2.121)

Here, we have used the fact that f — BTAM ¢ range S, and the identities S R = 0 and
ETBT =0, see also Remark 2.6 and Remark 2.14.

These properties can also be seen from the reformulated FETT/BETI algorithm. If it
terminates after n steps with exact arithmetics and € = 0, we have (3, which implies that

Ppr™% = 0. (2.122)
Lemma 2.46. For each w € range Py, we have Pp w € range Py .
Proof. Let w € range Py = (ker S)J‘BTQB be fixed, then we have
(Bw,QBz) =0 Vz € ker S'.
By Lemma 2.16 we have B Pp = B and can conclude that
(BPpw,@QBz) =0 Vz € ker S,

which proves that Pp w € range Py . ]
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Using Lemma 2.46 and the fact that S is SPD on range Py = (ker S)LBTQB, equa-
tion (2.122) implies
Ppr™ = 0.

Using the identity (2.119) (u = r™ 4 §p) and Lemma 2.16 (B Pp = B) we obtain
Bu = Br™ +Bgp = B Ppr™ +b = b, (2.123)
=0

showing that the solution u is continuous across I' and satisfies the correct Dirichlet boundary
conditions on I'p. The skeleton equation (2.14) is satisfied since

E'(f=Su) = E'f—E"S{Pw[s"(f =) = Gp] +p

= ETf_ETSPW ST(f—t(n))-l-ETSPW §D—ETS§D
(2.124)
-9 —g .

= ETf—ETSSt(f—t™) = ETt™ = 0.
~——

=f—t(n)

Here, S ST(f — t(”)) = f —t( because f —t(™ € range S, and in the last step we have used
that t € range B'.

Remark 2.47. This above discussion reveals the role of the residual, here for simplicity for
the standard one-level method. Since (M~1r(™ r() = |Ppr(™|%, and since after n steps
we set u = (™, we have

(M~ ™ r™Yy = ju— Epul?. (2.125)

This means, by controlling the energy norm of the residual (™, we control the error between
the discontinuous approximation v and its average Ep u in the energy norm.

Next, we show that Algorithm 2 is a well-defined projected PCG method. We define

W' := range PV—(F/ Nrange B' = rangeS Nrange B' , (2.126)
W= {wErangePW:SwErangeBT}. ‘

Lemma 2.48. For each w € W,
(Sw, @) =0 VoeWw
holds. In particular we have (Sw, Epw) = 0.

Proof. Since range B = (ker B)° and ker B = /V[7, the definition of W immediately implies
(Sw, w) = 0. O

Lemma 2.49. Algorithm 2 is a projected PCG method with the operator
Py ST W — W,

and with the preconditioner
Py PyS P W —W.
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The condition number of the preconditioned system is bounded by ca/c1 where
alwk < |Phwly < colwl? Yw e W. (2.127)

Since Algorithm 2 is just a reformulation of Algorithm 1, this implies the condition number
bound
kK < /e,

where k is the condition number of the preconditioned FETI/BETI system PM-'PTF on
the space V.

Proof. First we see that Py ST : range PI}/ — Py is SPD and its inverse is
S : range Py — range PV—[F, = rangeS.
By the definition of W and W, we have that Py, ST maps W into W. The preconditioner
Py, P}, S Pp : range Py — range Py},

is positive semidefinite. Since PVT, (range B') C range B and range Pg C range B, we find
that

Py PLSPp:W—W.
Moreover it is definite on WW: Suppose that (S Ppw, Ppw) = 0 for some w € W. Since S is

SPD on range Py and Pp w € range Py, we can conclude that Ppw = 0. Lemma 2.48 and
Lemma 2.16 (I = Ep + Pp) imply

0 = (Sw, Epw) = (SEpw, Epw).
Since ker S Nker B = {0} and Ep w € ker B we can conclude that Epw = 0. Hence,
w = Pbw+FEpw = 0,
which shows the definiteness. The condition number of the preconditioned operator
Py P} S Pp Py ST-W — W
can be determined using the Rayleigh quotient in the inner product (-, Py ST->:

=w =w

T pT ,HHT Il T
(PWPyS Pp Pw STt Pw STty (PSS Ppw, w) (2.128)
; - S ’ '
(&t ~PwsS't) (Sw, w)
=P, Sw =w

where t € W and w € W. To bound the Rayleigh quotient from above and from below, we
have to show that

c|wi < |Ppwli < co|wl? Yw e W. (2.129)
O
The upper bound in (2.127) has been shown already in Lemma 2.27. For the lower bound

we use Lemma 2.16 (I = Ep + Pp), Lemma 2.48, and the Cauchy-Schwarz inequality with
respect to the positive semi-definite inner product (S, -) to obtain

w|g = (Sw,w) = (Sw, Epw) +(Sw, Ppbw) < |w|s|Ppwl|s.
—_——
=0
This implies the desired lower bound with ¢; = 1.
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2.3 Interface-concentrated FETI methods

In this section we briefly describe a variant of FETI introduced by BEUCHLER, EIBNER,
AND LANGER [11] using interface-concentrated meshes and a special high-order finite element
method, called boundary-concentrated FEM, which was originally introduced by KHOROM-
SK1J AND MELENK [100]. The main idea thereof is that singularities at the boundary can be
well approximated using linear finite elements, whereas the smooth solution in the interior
can be well approximated by high-order polynomials on larger elements. With this technique
the local number of DOFs on each subdomain €2; can be reduced to O((H;/h;)?1) where
h; is the mesh size on the subdomain boundary, i.e., one gets the same complexity as in
the boundary element method. The usual condition number estimate of the corresponding
FETI methods and hybrid FETI/BETI methods remain valid.

2.3.1 Boundary-concentrated FEM

In this subsection we briefly introduce the concept of the boundary-concentrated FEM.
For details see the original paper by KHOROMSKIJ AND MELENK [100] and the doctoral
dissertation by EIBNER [50]. For local error analysis and efficient solvers we refer also to
KHOROMSKIJ AND MELENK [99] and EIBNER AND MELENK [51, 52].

Let Q € R? (with d = 2 or 3) be a bounded domain with Lipschitz boundary 92 and let
7 () be a conforming, shape-regular, and simplicial triangulation of Q. Each element 7 is
the image of the reference simplex 7 under the affine linear map F, : 7 — 7.

Definition 2.50 (geometric mesh). A triangulation T () is called a geometric mesh with
boundary mesh size h > 0 if there exist constants c1, ca > 0 such that for all T € T(Q),

(i) if TNOQ # D then h < h, < coh, and

(it) if TN O =0 then e irelf dist (z, 9Q) < h,y < co supdist (z, 99Q).
reT TET
Note that the corresponding boundary mesh 7 (02) is quasi-uniform with mesh size h.
Next, we define an hp-FEM space on the geometric mesh. To each element 7 € 7 (Q),
we associate a polynomial degree p, € N and collect these p, in the polynomial degree vector

P = (Pr)reT()-

Definition 2.51 (linear degree vector). Let T () be a geometric mesh with boundary mesh
size h and let p be a polynomial degree vector. We call p a linear degree vector with slope
a > 0 if there exist constants c1, cag > 0 such that

h h
1—|—clalogﬁ < pr < l4+ca logﬁ.
In practical applications, one usually sets & = 1. In particular, the polynomial degree
equals one in the elements touching the boundary.
Furthermore, for each edge e and face f of the triangulation we define

Pe := min{p; : e is an edge of the element 7}, (2.130)
py = min{p; : f is a face of the element 7}, '
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respectively. For each element 7 we collect all the degrees corresponding to 7 in a vector
Pr = (]977 {pe}e: edge of 75 {pf}f: face of T) . (2131)
The hp-FEM spaces V"(Q) and Vohp (Q) are defined by

VieQ)={ve H(Q):vo F, € B (F) YT e€T(Q)},

Vo (9) := V(@) N Hy (). (2152

where Py is the space of polynomials on the reference simplex 7 with the polynomial degrees
on the elements, edges, and faces are given according to p,.

Due to [100, Proposition 2.7], there exists a constant C' > 0 depending on the shape-
regularity constant of 7 (€2) and on the constants in Definition 2.50 and Definition 2.51 such
that

> 1< CH/MmID, dim V" (Q) < C (H/h)4Y
TET () (2.133)
. < C(1+log(H/h)),
nax pr < (1 +log(H/h))

where H = diam €. In particular there are as many elements in 7 (©2) and DOFs in V?((),
as there are elements on the boundary 92, and the maximal polynomial degree grows only
logarithmically with the number of elements on the boundary.

In case that the coefficients and the right hand side of the PDE are sufficiently smooth
(analytic), the discretization error of the boundary concentrated FEM is of the same order of
magnitude as the discretization error of a low-order FEM on a quasi-uniform triangulation 7"
of 2. Due to BEUCHLER, EIBNER, AND LANGER [11, Theorem 3.13], the Schur complement
of the hp-stiffness matrix is spectrally equivalent to the Schur complement of the stiffness
matrix of the quasi-uniform FEM.

A finite element basis for the space V() is given by a hierarchical basis using vertex-
based, edge-based, cell-based, and (in three dimensions) face-based basis functions, cf. KAR-
NIADAKIS AND SHERWIN [94]. The term “hierarchical” means that for increasing polynomial
degree new basis functions are added to the basis, whereas the other ones remain unchanged.
This is not the case for basis functions related to the Gauss-Lobatto points as used in spectral
element methods; see, e. g., KARNIADAKIS AND SHERWIN [94], TOSELLI AND WIDLUND [184,
Sect. 7].

2.3.2 Interface-concentrated FETI

Consider a partition of a domain € into subdomains. We can now use the boundary-
concentrated FEM on each subdomain. The resulting global mesh is then interface-con-
centrated, cf. Figure 2.6. If the polynomial degree on those elements touching the subdo-
main boundaries is one, we immediately obtain the interface-concentrated FETI (IC-FETI)
method from the standard low-order FETI method by just replacing the low-order stiffness
matrices by the hp-BC-FEM stiffness matrices with respect to the hierarchical basis. Thanks
to the spectral equivalence of the corresponding Schur complement matrices, the analysis is
straightforward, and the condition number bound reads

1€
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Figure 2.6: Example for an interface concentrated mesh for a partition of the unit square
into four subdomains.

where h; is the mesh size of the subdomain boundary 0f2;, and the constant C' > 0 is
independent of H;, h;, the polynomial degrees p;, the number s of subdomains, and the
values of the coefficients «; (provided that there are constant on each subdomain).

2.3.3 Numerical results

In this subsection, we would like to briefly demonstrate the reduction of DOFs using IC-FETIT
and also IC-FETI/BETI. The following results were obtained using some code fragments by
Tino Eibner and parts of the open source code NetGen/NGSolve by Joachim Schéberl (see
http://www.hpfem. jku.at) for the generation of the high-order element stiffness matrices
and for visualization. For similar results see also LANGER AND PECHSTEIN [117].

Example 2.3 In this example we have chosen a model problem related to magnetic field
computations, as we will discuss in Chapter 6. The coeflicient and the source distribution
on the square (0, 0.1)? are displayed in Figure 2.7, left. We impose homogeneous Dirichlet
boundary conditions on the whole of 9.

Table 2.6 shows the number of global DOF's, the number of PCG iterations and the con-
dition numbers for FETI, IC-FETT and IC-FETI/BETIL. In the latter case we use BEM on all
of the “air” subdomains. The largest polynomial degree used for the interface-concentrated
methods is displayed in column “ppay”’. Wee see that the number of PCG iterations and the
condition numbers of all the three methods are comparable. The number of global DOFs is
however significantly reduced using the interface-concentrated methods. In the last row, the
low-order approximation results in 1050625 DOFs per subdomain, and the corresponding
local matrices could not be factored in memory. This reduction also takes place using BETT,
but interface-concentrated methods can be used for non-vanishing source terms and, more
importantly, also for non-constant coefficients. Figure 2.7, right displays a detail of the mesh
and the solution u in the vicinity of a material corner.



96 CHAPTER 2. HYBRID ONE-LEVEL METHODS

air ] a=v . '
; f=0
iron core

[ a=v, 6

| f=2310

77‘%7 . a=10" Vo
f=0

[ ] a=10"y,
f=0

Figure 2.7: Example 2.3: Left: Model valve problem. Here, vy = 107/(47). Right: Zoom
into the mesh, with solution u (visualization by NGSolve).

global DOF's H/h PCG cond. Prmax

289 289 247 2 8 8 9 1.61 1.75 1.77 1

1089 1089 711 4 9 10 11 2.13 2.40 2.23 1
4225 3969 2079 8|11 12 14 2.85 3.24 3.08 1
16641 13313 6047 16 | 13 15 17 3.73 4.24 4.08 2

66 049 42497 17591 32115 17 19 4.77 5.40 5.23 3
263 169 121875 47895 64 | 17 18 21 596 6.72 6.54 4
1050625 315649 120559 128 | 18 20 23 7.31 8.19 8.00 b}
4198401 755 969 284015 256 | 19 21 25 8.82 9.81 9.62 6
16785409 1710593 636 359 512 | 21 22 27| 11.40 11.60 11.39 7
67125249 3718657 1375015 | 1024 | — 23 30 — 13.54 13.31 8

Table 2.6: Example 2.3: Comparison between FETI, IC-FETI, and coupled IC-FETI/BETTI.



Chapter 3

One-level methods for unbounded
domains

In this chapter we extend the methods and theory from Chapter 2 to a specific class of
problems in unbounded domains. We add an unbounded exterior subdomain (similar to
Ot from Section 1.4) to our potential equation and prescribe a radiation condition for
u(z) as |z| goes to infinity. The treatment of other problem classes concerning unbounded
domains, such as half-spaces, with FETI/BETI methods is probably possible but not scope
of this thesis. In Section 3.1 we introduce a precise description of our model problem and
the corresponding variational skeleton formulation. Section 3.2 discusses a generalization of
standard one-level as well as all-floating FETT/BETI methods for this model problem, which
has been published in PECHSTEIN [143, 144].

It might seem that such generalizations are straightforward as the exterior part can be
modeled simply by the exterior Steklov-Poincaré operator from Section 1.4.3. However,
some of the properties of the bounded case apparently fail to hold in the general unbounded
case. In the bounded case, a shape-regular subdomain partition implies that each subdomain
has a finite number of neighboring subdomain, and that the diameters of two neighboring
subdomains are comparable. In the unbounded case such an assumption is very limiting.
Actually, we are looking for a method that works for the case where the number of neighbors
of the exterior subdomain can be large, and where the boundary of the exterior subdomain
can be very large in comparison to the interior subdomains. A straightforward analysis
of FETI/BETI methods would lead to a condition number estimate which is not anymore
robust with respect to the number of neighbors and sizes of the subdomains. In the course
of this chapter we derive tools which allows for an analysis with explicit estimates.

In the case that in addition to the radiation condition no further Dirichlet boundary
conditions are given, we obtain the same type of estimate as in the bounded case, i.e.,
k < C (1 +log(H/h))?. The method is robust with respect to the above described possibly
large parameters under reasonable assumptions. The case of interior Dirichlet boundary
conditions is more subtle. One of our crucial tools is the so-called extension indicator which
relates the Dirichlet boundary and the boundary of the exterior subdomain. We are able to
give a condition number estimate for one-level FETI/BETI methods in terms of the extension
indicator, and we show how to bound that indicator in terms of a few accessible geometric
parameters. The reason for such a subtle condition number bound is the lack of coarse space
components corresponding to the exterior subdomain.

97



98 CHAPTER 3. ONE-LEVEL METHODS FOR UNBOUNDED DOMAINS

3.1 Model problem and skeleton formulation

3.1.1 Continuous formulation

Let © ¢ R? (with d = 2 or 3) be an unbounded domain which can be decomposed into
finitely many bounded Lipschitz domains and an unbounded part g whose complement is
bounded and Lipschitz. Furthermore, let the bounded part Q \ € be Lipschitz too. Let the
coefficient v and the source f satisfy

g, = ap = const > 0, and fioo = 0. (3.1)

With our assumptions it is possible that € has no boundary at all (Q = R?), and it is also
possible that its boundary 02 consists of more than one connected component. We assume
that each such connected component of 0f) is Lipschitz, and we denote the corresponding
outward unit normal vector by n. As in Chapter 2, 92 decomposes into a Dirichlet boundary
I'p (regarded as relatively closed) and an open Neumann boundary I'y which are disjoint
to each other. Of course also these parts may be empty or may consist of more than one
component. Note, that we can allow the boundary 02 to touch 0. For an illustration of
such different configurations see Figure 3.1.
Our model problem reads as follows. Find the weak solution u € H. () to

—div[aVu] = f in Q, (3.2)
u = gp onIp,
ou
Qg = 9N onI'y, (3.4)

with the radiation condition (1.49) from Section 1.4.1, which is equivalent to
[ bloglz|+O(Jz|™') ford=2,
ue) = { O(|z|™1) for d =3,

as |z| — oo, for some b € R (see Lemma 1.21). Note that even if I'p is empty, the problem is
still well-posed, because the radiation condition acts like a Dirichlet boundary condition at
infinity. Since we will model the equation in €}y using the exterior Steklov-Poincaré operator,
we call Qg the exterior part.

We consider a non-overlapping partition {{2;}i—o, . s of Q into open subdomains such that
S
QZUQH QZ’OQ]’:@ for i # j,
i=0

where )y is the exterior part from above. The subdomain boundaries are denoted by 0€;
(hence, 0€ is the interface between the exterior part and the rest), and n; is the outward

unit normal vector to ;. In particular, ng points inside  \ € (similar to n®** introduced
in Section 1.3.1.2). We define H; := diam ); for ¢ # 0, and set
Hj := diam g, (3.5)

where f := R4\ Qg. Due to our assumption, Hy is finite, but it can happen that Hy > H;
for some i # 0. Similarly to Chapter 2, we will heavily work with the index set

7:=1{0,....s}, (3.6)
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Figure 3.1: Illustrations of the configuration of the unbounded setting. The grey region is
the domain €2, the white region is excluded from 2. Illustrated are the exterior part g, the
Dirichlet boundary I'p, the Neumann boundary I'y, and the outward unit normal vector n
to 9. Upper left: Configuration with a connected boundary 0Q2. Upper right: Configuration
with a boundary 0€) consisting of two connected components. Middle left: Configuration
with no boundary, 9Q = (). Middle right: Configuration with a Dirichlet boundary I'pp that
touches 0€2y. Lower: Subdomain partition for the first configuration.
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and consider subsets Zrppy C Z and Zpgy = Z \ Zrgy such that 0 € Zggy. Finally, we define
the interior part Qi and the index set of the interior subdomains by

Qint =0 \ ﬁo 5 Iint = I\ {0} 5 (37)

such that Qi = Uz’eLm Q;. In the following, we make assumptions on the data and on the
subdomain partition similar to those in Chapter 2. We consider constant coefficients on the
all subdomains,

aig, = o = const > 0 VieT, (3.8)

and assume that f € L*(Q), gp € H/?(T'p), and gy € L*(I'y). The source f must vanish
in all BEM subdomains, i.e.,

fio, = 0 VieIpgm. (3.9)

Remark 3.1. Note that as in Chapter 2 we can relax the assumptions on the coefficients
«, the source function f, and the prescribed Neumann trace gny. We can also relax the
assumption that the bounded part 2, is Lipschitz to a certain extent, cf. Remark 2.4.

The following assumption is almost identical to Assumption 2.23 but it concerns only the
interior subdomains.

Assumption 3.2. The interior subdomains §;, 1 € Liny are bounded and connected Lipschitz
domains, each one formed by a few simplices. The simplices altogether form a coarse, shape-
reqular, and conforming triangulation Ty of Qing. The number of simplices per subdomain is
uniformly bounded.

The shape-regularity from Assumption 3.2 implies the existence of a uniformly bounded
constant CE > 0 such that

o N 8Qj #+ 0 — H, < CgD Hj Vi, j € Ling -
Concerning the exterior part, we need to make the following assumption.

Assumption 3.3. The coarse triangulation of Qin can be extended to a shape-regular, con-
forming triangulation of an auziliary domain ' C Q such that Qi is compactly contained
in .

For an illustration see Figure 3.2, which shows that there exist configurations which fulfill
Assumption 3.2 but violate Assumption 3.3 in the sense that the shape regularity constant
is very large. In case that €y is well-shaped, Assumption 3.3 poses no real restriction.

As in the bounded case we can define the subdomain interfaces I';;, the interface I', and
the skeleton I'g by

Fij = (8QZﬂaQ]) \FD, I':= UFU, I's = Uan (310)
itj i€T

Similarly we can define faces, edges, and vertices according to Definition 2.2. Assumption 3.2
implies that the number of subdomains sharing the same vertex, edge, or face is uniformly
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DN
I ey

1&{«1‘
O A

Figure 3.2: Left: Tllustration of the extended triangulation of the auxiliary domain €’ in
Assumption 3.3 for the example in Figure 3.1 (light grey: Qi,, dark grey: Q' \ Qint). Right:
Different configuration with small geometric angle.

N/

bounded, and the number of vertices, edges, and faces of each interior subdomain is uniformly
bounded too. On the contrary, the number of faces, edges, and vertices of the exterior part
Qo can be very large.

Analogously to Section 2.1, we can introduce the conormal derivatives ¢; of the solution
u on the subdomain boundaries, given in terms of Steklov-Poincaré operators and Newton
potentials. In order to model the equation in Qg correctly, we have to use ap Sg** as Steklov-
Poincaré operator. From the transmission and boundary conditions on ¢;, we can derive a
continuous skeleton formulation. Since S§** is elliptic (due to the radiation condition), this

problem is well-posed even if the Dirichlet boundary I'p is empty.

3.1.2 Discrete formulation

We introduce triangulations of the subdomain boundaries and the FEM subdomains as in
Section 2.1. Let 7 h(Fg) be a shape-regular triangulation of I'g. For each i € Zpgn let
T"(Q;) be a quasi-uniform and shape-regular triangulation of Q; with mesh parameter h;
which matches with 7"(I's). For each i € Zpgym let the restriction 77(9Q;) of T"(T's)
to 0€; be a quasi-uniform and shape-regular triangulation of 0€2; of mesh parameter h;.
In particular, the restriction 7"(9Q0) of T"(I's) to 98 is assumed to be quasi-uniform
with mesh parameter hg, and hg ~ h; if the subdomain €; touches 0{25. We define the
approximations

a0 S§BEM fori =0,
Sit=1¢ a;S'Bpy  forie Ippu \ {0}, (3.11)
(7} S;%EM for i € Ipgpm -
and the functionals f; by

(fi, v)oq, = i (Niremf, vV)aq, + / gyuvds for v € V(0), i € Trrum,
oQ;NI'y

(3.12)
<fi, 'U>aQi = / ngds for v e Vh(aﬂl), 1 € IBEM -
o0, N
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Since we will work in the discrete setting only, we omit the subscript h. We assume again
that gp and gy are contained in the corresponding discrete spaces. Finally, the discrete
skeleton formulation reads: Find v € V*(T'g) with ur, = gp such that

> (Siu,v)oo, = > (fi,v)ea, Vv e VH(Ts), (3.13)

€L 1€l

where VA(Tg) = {v € V"(I's) : v, = 0}. Recall, that by Lemma 1.33,
1
(Sou, u) =~ ag {|U’§{1/2(690) 4 HUH%Q(BQO)} : (3.14)

3.2 Difficulties in the case of unbounded domains

As outlined in the beginning of this chapter, we face two crucial difficulties that are not
present in the bounded case.

e The number of neighbors of g can be arbitrary.

e The diameter Hy can be very large compared to the diameter H; of a neighboring
subdomain.

However, we are looking for a method that is robust with respect to the possibly large number
of neighbors of €, and with respect to the ratio

Hy
where N is the index set of neighboring subdomains of Q. As our discussion will show, this
is in some cases possible. We give explicit estimates of the condition number in terms of geo-
metric parameters such as H;, Hy, h;, and the so-called extension indicator v, (20, Qint, I'D).
In special cases, this indicator can be estimated again in terms of Hy, h;, and a shape pa-
rameter 17 which will be introduced later on. It will turn out that if the Dirichlet boundary
I'p is empty or sufficiently separated from 0, we get perfect robustness with respect to
the ratio max Hy/H,;.

€Ny
3.3 Formulation of FETI/BETI methods in unbounded do-
mains

The following two assumptions are just the same as in the bounded case.

Assumption 3.4. The interface between the Dirichlet boundary I'p and the Neumann
boundary I' is aligned with the subdomain partition.

Assumption 3.5. In case of the standard one-level formulation in three dimensions, we have
to assume that the intersection of a subdomain boundary 0S); and the Dirichlet boundary I'p
1s either empty or at least a subdomain edge.

We can set up the standard one-level and the all-floating method analogously to Sec-
tion 2.2. The exterior part () is just an additional subdomain with a special Steklov-Poincaré
operator. Only the following issues are of crucial importance.
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(i) Qo is always a non-floating subdomain because the operator Sy is regular, see (3.14),
even in the case of an all-floating method (cf. Definition 2.7 on page 55).

(ii) If the Dirichlet boundary I'p touches 9§y, we do always incorporate the corresponding
Dirichlet conditions into the space Wy, even in the case of an all-floating method. As
a consequence we have no Lagrange multipliers of the form Agp and we always have

Wy := VS(&QO) = {u) € Vh(aﬁo) ‘W, = O} . (315)

(iii) We need to adapt the operator @ slightly.

(iv) If we are in two dimensions, the coordinates must be scaled such that Hy = % for
theoretical reasons, cf. Lemma 1.33, page 44. Doing so, all interior diameters H; stay
below 1, such that the local single layer potentials remain elliptic.

Everything else is analogous to Section 2.2. Convention (ii) is needed for technical reasons
and it forces us to add the following assumption.

Assumption 3.6. In case of the all-floating formulation in three dimensions, we have to
assume that the intersection of the Dirichlet boundary T'p with 0 is either empty or at
least a subdomain edge.

Remark 3.7. Similarly as outlined in Remark 2.10, the block Sy appearing in the precondi-
tioner M~ = Bp S BE may be replaced by a suitable regularization Dy of the hypersinguar
operator on 0, for instance defined by

- 1
(Dyv, w) = <Dov,w>+d/ vds/ wds .
HE Joq, 89

The operator @ is either set to M ! (which is however not recommended) or defined by

(Q ,u,)ij(xh) = min(oy, o) qij(mh) uij(:ch) for p € U™, (3.16)
QOz'(iUh) = qz‘o(ivh) = qz‘(xh) )
qij(a:h) = min(qi(mh), qj(a:h)) for i, j #0, (3.17)
N (1+ log(Hi/hi))%’z_ if 2" lies on a face F; _
gi(z") == i if d=3,
h; if 2P lies on an edge &; or a vertex V;
(1+log(H;/h; D if 27 lies on an edge &;
g (zh) = (H:/ 1)), if d=2. (3.18)
1 if 2P is a vertex V;
For the all-floating method, we additionally set
(Qu)ip(x") == o qi(2") pip (2" for 2" € 9O NT'p for p e U™, (3.19)

where 7 # 0. Note that by this construction, the possibly large diameter Hy never occurs in
the entries of (). Alternatively, we could have also used the diameters of the faces and edges
instead of the subdomain diameters H;.
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3.4 Condition number estimates for FETI/BETI methods in
unbounded domains

3.4.1 The extension indicator

It turns out that in the case of Dirichlet boundary conditions, cf. Figure 3.1, the condition
number depends on a geometric parameter, the extension indicator, which is associated to
the Dirichlet boundary I'p and the outer boundary 0. In this subsection we define this
indicator and give bounds in terms of more accessible parameters.

First of all, we need a technical assumption and some definitions.

Assumption 3.8. There exists an auziliary triangulation ’j'h(Qint) of the interior part Qint
which is shape-reqular and quasi-uniform with mesh parameter hg, which matches with the
triangulation T"(0), and which resolves I'p.

Note that 7 " (Qnt) does not need to match with the existing triangulations on the in-
terface I' and on the FEM subdomains. We will transfer between the different meshes using
the Scott-Zhang quasi-interpolation operator.

Remark 3.9. Assumption 3.8 holds unless the interior part €, or the Dirichlet boundary
I'p exhibit fine geometric details that cannot be resolved using the mesh parameter hg, in
other words, hg needs to be small enough. We will comment on a remedy in Remark 3.17.

We fix a triangulation T " (Qint) which fulfills the requirements of Assumption 3.8 and
denote the finite element space associated to it by VNh(Qint). For a discrete function wg €
VE(990), the discrete harmonic extension H™ wy € V*(Qine) is defined by
:v € V(Qing), vjon, = wo - (3.20)

ﬁint wp = argmin { |U|H1(Qint)

We define a second discrete extension that satisfies homogeneous Dirichlet boundary condi-
tions on I'p.

Definition 3.10 (Restricted discrete harmonic extension). For a function wy € VE(09),

the restricted discrete harmonic extension ﬁif)‘t wy € VI (Qint) is defined by

HBE wg := argmin {lvlg () s v € V' (Qnt), Vg0, = Wo, Yjr, = 0} .

The following indicator measures the ratio of the two different extensions in suitable
energy norms.

Definition 3.11 (Extension indicator). We call

| Hint wO’%II(Qim)

Y (Q0, Qint, I'p) :== sup ~ :
woEVA(90) |H{nt wO@p(Qim) + Hio”wo”%ﬂ(aﬂo)

the extension indicator. The subscript h indicates the dependence on ’f’h(th),
Note that

FD = @ or PD C 890 — ’Yh(Q(h Qintv FD) < 17 (321)
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Figure 3.3: Illustration of the boundary layer i, , from Definition 3.12 for two different
configurations. Dark grey: Qing ,; light grey: Qing \ Qine, . Right: Illustration of the partition
property, see Definition 3.13.

because then, the two extensions, Hint wo and ﬁ%}t wp coincide. In all other cases, the
extension indicator can be bounded in terms of a shape parameter i which is specified in the
sequel. The following concept of boundary layers and shape parameters is borrowed from
a work by GRAHAM, LECHNER, AND SCHEICHL [75] on overlapping Schwarz methods and
slightly adapted for our purposes.

Definition 3.12 (Boundary layer). A subset Qint,, of Qing is called boundary layer of Qiyt
with parameter v if it fulfills

Vo € Qing @ dist (z, 0Q) < 2v, Vo € 0 : By .y N Qing C Qing, v
where By, is the open ball with center x and radius v.

Note that in the above definition, we use the distance of points x € Qi from the outer
boundary 02, and not the boundary 0Qi,: of the interior part, which are not necessarily
the same, cf. Figure 3.3.

Definition 3.13 (Partition property). A boundary layer Qin,, fulfills the partition property
if it can be partitioned into finitely many non-overlapping patches {wj}jes such that the
following holds.

(i) FEach patch wj consists of a union of a few simplices with diamw; ~ v and the number
of simplices per patch is uniformly bounded.

(ii) The union of all the simplices forms a quasi-uniform, shape-regular coarse triangulation
Of Qint,y-

(i11) For each j € J, the intersection v; := Ow; N 0y is the closure of a union of faces
(edges in two dimensions) of the simplices of the coarse triangulation, and in particular,
diam (v;) ~ v.

(iv) The patches are aligned with the auziliary triangulation T"(Qnt).

For an illustration see Figure 3.3, right. Since the auxiliary triangulation Th (Qint) can
be chosen almost arbitrarily, the requirement that the patches are aligned with Th(th)
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poses no real restriction concerning the interfaces between the patches. The patches must
however resolve the interior part of Qi ., that is why we allow a distance up to 2v in
Definition 3.12.

Definition 3.14 (Shape parameter n). The shape parameter n > 0 is the largest number
such that a boundary layer int,p of Cing exists which fulfills the partition property.

By this construction we have for sure that n > H; for ¢« € Ny. If the boundary 0 stays
fixed, or if it is sufficiently regular in the sense that it can be represented by a small number
of straight-sided faces (edges), we have

n ~ dist (FD \ 00, 890) if dist (FD \ 0, 890) >0, (3.22)

see also Remark 3.18 at the end of this subsection. In case the Dirichlet boundary I'p touches
0, there exists a shape parameter n > 0 in the sense of Definition 3.14 as long as there
exists at least one interior subdomain, for an illustration see Figure 3.3, right.

The following theorem gives bounds of the extension indicator for different classes of
geometric configurations.

Theorem 3.15. Let the extension indicator v, (Qo, Qint, I'p) and the shape parameter n > 0
be defined according to Definition 3.11 and Definition 3.14. Then the following estimates
hold.

IA
—_

(i) If T'p is empty or if T'p C 0 then 1 (Q0, Qint, I'p)

(ii) if T'p \ 0Qq is separated from 0y then Y (Q0y Qint, I'n) S —,

(iii) otherwise, 1. (Q0, Qint, ')

N

ZO (1 + log(n/ho))?

Note that Part (i) is trivial due to Definition 3.11. Before we give the proofs of Part (ii)
and Part (i1i) we need the following lemma which is related to a partition of unity function
used for overlapping Schwarz methods, cf. TOSELLI AND WIDLUND [184, Lemma 3.4].

Lemma 3.16. Assume that T'p \ 9 is separated from 00 (Case (ii) of Theorem 3.15).
Then there exists a discrete cut-off function x € VP(Qne) which fulfills

(i) x(x) € [0,1] Va € Qing,
(i1) Xjaa, = 1, and x vanishes entirely on Qing \ Qint,yy, in particular on T'p \ 98,
(i) VX0 (@) < 1/
where 1 is the shape parameter and Qi 5, the boundary layer according to Definition 3.14.

Proof. We construct a particular cut-off function y. First, we define the continuous function

dist (z, 0Q0) e 1
I S A <
Xo(z) = 1 n if dist (z, 02) <7, for x € Qi .

0 otherwise,

A simple inspection shows that this function is well-defined, continuous, and that Vxo €
L®(Qint). We define x € V*(Qin¢) by the nodal interpolation of xg. Both functions obviously
fulfill the properties (i)—(iii). O
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Proof of Theorem 8.15, Part (ii): In this proof we estimate the energy of a particular
extension that matches the Dirichlet boundary conditions using the cut-off function y €
XN/h(Qint) from Lemma 3.16. Our argumentation follows the line of GRAHAM, LECHNER,
AND SCHEICHL [75, Lemma 3.3 and Theorem 4.3], where instead of x, a continuous partition
of unity function with respect to an overlapping subdomain partition is used.

Let wo € VE(09) be fixed and let @ := = H" g € VP (Qine) denote its discrete harmonic
extension. Recall that ., is partitioned into finitely many shape-regular patches wj,
jeJ. Let 1 I" denote the nodal interpolator with respect to the triangulation Th (Qint)-
Because of Lemma 3.16(ii), the function I”(y @) is an extension of wq from 90y to V*(Qin)
and it vanishes on I'p and on Qin \ Qint,,. By Definition 3.10 of the restricted discrete

harmonic extension, the H'-continuity of L h and Lemma 3.16 we obtain
TFhiy, 7|2 TFhiy, 7|2
w S X0 e,y = "),

mt,n)
/ |V(X(m) @(m)) ‘2 dx
O

int,n

/ Vx()]? [@(2)* + Ix(2)* [Va(e) do (3.23)

int,n

HB wol3p g

N

N

HVX”%OO(QM) H@”%%Qim,n) + ’@|12L11(Q

> {00, + 18 }

jeT

int,n)

N

By Theorem 1.7 (see also TOSELLI AND WIDLUND [184, Corollary A.15]), whose application
is justified by Definition 3.13(iii), we conclude that

1 ~ 1, -
ﬁ”w\\%?(wj) < ol ;) +5Hw”%2(awjmaﬂo)- (3.24)

Finally, since the union of the patches forms the boundary layer Qin¢ ,, C €ins and using the
fact that Hp > n, we can conclude from (3.23) and (3.24) that

N 1,
|H1nt wo‘%{l(ﬂint) S |w|§{1(ﬂint) + E HUJH%Q(BQO)

AN

Ho (i 2 1 2
T{W twolf gy, + Fo”wo”ﬂ(aﬂo)} :

which proves Part (ii) of Theorem 3.15. O

Proof of Theorem 3.15, Part (iii): In this case, I'p touches 99y. We cannot use the
cut-off function from Lemma 3.16 anymore. However, due to Definition 3.14 we still have
the partition {wj};cs of the boundary layer Qiy, 5, where the shape-regular patches w; have
a diameter proportional to the shape parameter 1. The partition defines patch faces, edges,
and vertices analogous to Definition 2.2 (page 48) considering a patch as a subdomain. For
a patch w;, we denote by

o f; the patch face,
e e; (generically) a patch edge,

e v, (generically) a patch vertex,
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of w; which is part of the boundary 0§ (in two dimension we have of course no faces). The
interior patch faces, edges, and vertices are not considered. Using the auxiliary triangulation
T h(Qnt) we can define the cut-off functions Ut;, Je;, and dy, € XN/h(Qint), according to
Definition 2.30 (page 75) and Remark 2.35 (page 77) see also TOSELLI AND WIDLUND [184,
Sect. 4.6]. Each such function is supported in only a few patches, and the supports of all these
functions overlap finitely many times. For a patch face, edge, or vertex of w; which is part
of the boundary d€)y we generically write x;, similar to the notation on page 75. For a fixed
function w € Vg (0€) we denote its discrete harmonic extension by w := Hint o € VI (Qint ).
We define another function
W= 1"V, W),

x;
where the sum runs over all the patch faces, edges, and vertices of the partition which are
part of the boundary 9€2. Using Remark 2.35 and Definition 3.14, it is not hard to see that
(i) the function @ is an element of V" (Q4y), (i) the function @ is a discrete extension of
w, and (iii) the function @ vanishes on I'p. Using Definition 3.10, the finite overlap of the
supports of the functions x;, TOSELLI AND WIDLUND [184, Lemma 4.15, Lemma 4.19, and
Lemma 4.24] (see also Lemma 2.33 and Lemma 2.34), and Theorem 1.7, we obtain

‘Hlnt wo |%Il (Qint) S |@’?’_]1 (Qint) S Z |Ih (ﬁxj {'6) |%I1 (supp ("9xj- ))

Xj
- 1
< S +log(n/ho)? {8, + 5 18122, b
JjeT L
. 1, -
< Do+ tomln/ho)? {1l ) + 1 1100000
JjET

. 1,
< (1 +log(n/ho))* { @3 g, + ; 1122 002 }

Hy ) in 1
< (14 log(n/hg))2 7 {\H t woﬁp(gim) + IR Hwouiz(mo)} )

which concludes the proof of Theorem 3.15, Part (iii). O
We finish this subsection with two remarks on possible extensions of Theorem 3.15.

Remark 3.17. In case Assumption 3.8 is violated (i.e., hg cannot resolve fine details in
Qint or I'p) the theory being presented in this section _may stlll be useful. One needs to
replace Qint and I'p in Definition 3.11 by suitable sets th and T D, respectlvely, such that
th excludes the fine details, and r p is chosen such that any function w € V" (th) with

W, = 0 can be extended by zero to {2, where this extension vanishes on I'p.

Remark 3.18. If the outer boundary 9€)y has many faces, it can happen that n ~ H; for
1 € Np because 9 is too “rough” in the sense that it cannot be represented by a small
number of straight faces. Using the theory from [45] and [113] concerning domain decompo-
sition methods for less regular subdomains (at least in two dimensions), we may relax the
partition property from Definition 3.13 such that the patches can be chosen less regular.
For many cases this may result in a larger shape parameter 7, and therefore better bounds
in Theorem 3.15. However, this issue is only important if one is interested in asymptotic
bounds that remain robust when changing the outer boundary 0€)y. Note also, that the
constants in our bounds depend in any case on the shapes of the subdomains.
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3.4.2 Main result

As discussed in Section 2.2.4, most arguments in the analysis of one-level FETT/BETI meth-
ods are algebraic except for the estimate of the Pp-operator. This is indeed true for the
present case. The following lemma gives such Pp-estimates. Recall the space

wi .= {w cW: / How;de =0 Vi€ Iﬁoat}. (3.25)
Q;

Lemma 3.19. Let w € W be arbitrary but fived and let z, € ker S be the unique element
from Lemma 2.22. Then for Q = M~ or Q chosen according to (3.16)—(3.19), the estimates

H
[Po(w+z0)§ < O max 75 max(1+log(Hi/h))” |ul},

s
|Pp(w+ zo)[& < Cya(Q0, Qung, Tp) max —~ max (1 +log(Hi/hy))? |w[g,
JET (674} 1€ Lint

hold, where v, (Qo, Qint, 'p) is the extension indicator according to Definition 3.11, and the
constant C' > 0 s independent of H;, h;, the number of subdomains, the number of neighbors
of the exterior part gy, and the coefficients ;.

Proof. Postponed to Section 3.4.4. 0

The above lemma immediately implies our main result of the current section.

Theorem 3.20. For Q = M~! or Q chosen according to (3.16)—(3.19), the one-level and
the all-floating FETI/BETI methods for unbounded domains defined in this section satisfy
the condition number estimates

C max 1+ log(H;/h;
max gy max (1 + log(Hi/hi))”

o
< C~,(Q0, Qint, T - 1+ log(H;/h;))?
K < Cy(Qo, Qing, I'p) max lggxt( +log(H;/h;))*,

K

IN

where v,(Qo, Qint, 'p) is the extension indicator according to Definition 3.11, and the con-
stant C > 0 is independent of H;, h;, the number of subdomains, the number of neighbors of
the exterior part g, and the coefficients ;.

Proof. The proof is identical to the proof of Theorem 2.28 in Section 2.2.4 replacing Lemma 2.27
by Lemma 3.19. O

Remark 3.21. Note that under the condition ag 2 «; for all i € Ty, we have

If additionally, the Dirichlet boundary I'p is empty, or separated from 0y with a shape
parameter n being proportional to Hy, we get the quasi-optimal bound

Kk < C mIaX(1+10g(Hi/hi))2a

int

according to Theorem 3.15. This is the same (sharp) estimate that we obtained in the
bounded case, cf. Theorem 2.28.
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Figure 3.4: Illustration of Remark 3.22.

Remark 3.22. The fact that the quasi-optimal condition number estimate does not hold in
general is not so surprising: Since (g is a non-floating subdomain there is no direct coarse
space component concerning Sy. However, Sy is regular, which is similar to the case that we
have an equation of the type

—aoAu—i—%u:O in Qg
0
with a bounded domain €y as sketched in Figure 3.4. As pointed out by FARHAT, CHEN,
AND MANDEL [58], differential operators of the form —div[@Vu] 4+ fu (which occur mostly
in connection with time-dependent problems) require a different projection (and therefore a
different method) to guarantee robustness with respect to the number of subdomains. See
also TOSELLI AND KLAWONN [182] for related electromagnetic problems.

The result of Theorem 3.20, however, shows that the coarse space built from the interior
subdomains is strong enough to serve for the exterior part as well, as long as the interior
coefficients are not essentially larger than «y, and as long as there is enough (geometric) space
in Qi in the neighborhood of 9. We note close similarities to the theory of overlapping
Schwarz methods; in particular the shape parameter n acts like the overlap parameter, cf.
ToSELLI AND WIDLUND [184, Sect. 3] and GRAHAM, LECHNER, AND SCHEICHL [75].

Remark 3.23. We point out that the following tools and proofs might also be useful for the
bounded case, e. g., to give precise estimates for the case that a large region of homogeneous
material is handled by one single BEM subdomain with smaller neighboring subdomains, cf.
Figure 3.5.

3.4.3 Additional technical tools

Before we come to the proof of Lemma 3.19, we need a few additional technical tools. As
in Chapter 2 we restrict ourselves to the three-dimensional case, since the two-dimensional
case can be derived from it. First, we need some constructions and a lemma which allows to
estimate split and composed functions in the energy-norm induced by the exterior Steklov-
Poincaré operator Sp.

Construction 3.24. Using the coarse triangulation of the auxiliary domain €', see Assump-
tion 3.3, we can find for each face Fy an auxiliary subdomain Q./7:0 C '\ Qing consisting of a
few simplices, such that Fy is shared by an interior subdomain and the auxiliary subdomain
Qff, . Similarly, for each edge & (and respectively each vertex Vy), we can find auxiliary
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Figure 3.5: Illustration of the auxiliary subdomains Qfgo, and QQ,O from Construction 3.24
for a two-dimensional configuration.

subdomains Q/So (respectively ngo) such that all the simplices from the coarse triangulation
that touch & (respectively Vy) are contained in Qg, (respectively €y,,). This construction
can be done such that the auxiliary subdomains have diameters proportional to the diame-
ters of the interior subdomains which share the corresponding face, edge, or vertex. For an
illustration see Figure 3.5.

Construction 3.25. We introduce an auxiliary triangulation 7"(Q' \ Qiu) which is con-
forming, shape-regular, and quasi-uniform with shape parameter hy and which matches with
T"(08%) and with the coarse triangulation of €. We denote the corresponding finite el-
ement space by V(€ \ Qi) and the local restrictions of that space to Ql, by Vh(Q’XO).
Analogously to Definition 2.30 (page 75) and Remark 2.35 (page 77) we define the cut-off
functions ¥ € Vh(Q’fo), Je, € Vh(ﬂ’go), and 9}, € Vh(Qg)O). Finally, we denote the
discrete harmonic extension of a function w € V() to Vh(Q/fO) by H'z,w such that

H'z,w = argmin {\@;Hl(%) L0 € VMO, g = w} (3.26)

Lemma 3.26. For all w € V*(0Qp), and any extension w of w from 9y to V(U \ Qint),
we have

(i) wlg, < Zao\f”(ﬁ’xﬁ)\%m;{),
Xo ¢
(i) ZO‘O‘Hlfowlzl(Q’fo) S Jwlé, -
Fo

Proof. Part (i): Let w € V?(09) be fixed. By Construction 3.24, the function
v o= 1MW)
Xo

is an extension of w from 9§ to H}(Qg) because it vanishes outside of Q' \ Q. Using
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relation (1.62) from page 32 we obtain

|w\?g0 < ap min / |Vu|? da
ueH}(Q) o
u‘aﬂozw

2
oo [ [V(S ) dr £ 3 aolr Gy,
Qo Xo Xo 0

where in the last step we have used that the supports of the cut-off functions 9y, have finite
overlap.
Part (ii): First we show

IN

2 2
Z|Hf7:ow|H1(Q’]_.O) S |w|53i‘”pEM’ (3.27)
Fo

where SBH%EM is the Steklov-Poincaré FEM-approximation using an auxiliary triangulation

TM(Q\ Qo) of 2\ € which is shape-regular and quasi-uniform with mesh parameter hq. Let
@ denote the discrete harmonic extension of w from 99 to V(2 \ Qo) such that

2

~12
’w|Sg,]tFEM - ‘w|H1(Q\QO)'

Let now Fy be a face shared by the interior subdomain €2; and the auxiliary subdomain Q,fo'
Using Lemma 2.39 (see page 78) we can conclude that

Hrwlmey) S Hi Wity < 1005, -
which immediately implies (3.27) by summing over the faces. Using Lemma 1.33 we obtain

/ 2 2 2
;Wfowmlm'fo) S Plgpn, S Wlsgy,
0

which shows the desired statement. O
Remark 3.27. We can read Lemma 3.26(ii) as
/ 2 < 2 2 1 2
Z (&%) |H.7-'ow‘H1/2(]:0) ~ |w‘Sg = oo {‘w’Hl/2(aQO) + Fﬂ”wHLQ(OQD)} :
Fo

Assume that the function w € V"(9€) vanishes on the boundaries of all faces Fy, then
Lemma 3.26(i) can be read as

2 < Z 2
oy ol
0

Under this viewpoint, our theory of one-level methods for unbounded domains is strongly con-
nected to the theory of iterative substructuring and additive Schwarz methods for the BEM,
see, e. g., the works by AINSWORTH AND GUO [2], HEUER [85], HEUER AND STEPHAN [86, 87],
STEPHAN AND TRAN [178], and VON PETERSDORFF [188].
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Lemma 3.28. For all w € W and for all i € Zing, we have

|(Pp w) ’S Z Z min(oy, o) }I Dy, (w )‘Hl )+ Z o | I 19le)\[{1 ,
XiNT jeN, XN p

(Pow)ol3, > ) min(an, a;) |1 (9, (wo — w; )}Hl(Q/ i > aoll” (ﬁXOWO)’HI(Q’ D
XoNI" jENXO XoNI'p

Proof. Reusing Lemma 2.16 we can show that in the current unbounded case, the operator
Pp is characterized by
> ol (wi(a") —wi(ah)  for 2t € 0QM\Tp,
(Ppw)i(z") = ¢ ieN (3.28)
w;(zh) for " € 9QF NTp.

Using the proof in Section 2.2.4.4, Lemma 2.39, and Lemma 3.26(i), we obtain for i € Ziy,

Epuy, £ o] X @t -w) 4 Y wlnwdli,

XNT jeN, H(S%) X;NCp
2
[(Ppw)ol%, < 040‘ %: " (67 9%, ))‘Hlm, )+XZ; ao [1" (0, w0) 11 (g, D
JENX, onl'p

Using the fact that 5;( is constant on the inner nodes of each edge and face, and using the
elementary inequality (2.100) from page 80, we obtain the desired statement. O

3.4.4 The Pp estimates — Proof of Lemma 3.19

Let w € W+ be arbitrary. We introduce the projection that selects the component of
wo € VDh(aQ()), i.e

Ho’w = [wo, 0, ceey 0] . (329)

In the following we write w = Iy w + w where w = (I — Ilp)w, i.e., wy = 0. Lemma 2.22
assures that z,, depends linearly on w. Hence, 2y, = 2(11, w) + 2@, which implies

|Pp(w+z0)[& S [Pp(@+ 2)[5 + [Pp(Tow + 2114 ))[% - (3.30)

Using the fact that wy = 0, and using Lemma 3.28 and the proof of Lemma 2.27 from
Section 2.2.4.4, one can show that

|Pp(@ + 2z3)|% < max(1 4 log(H;/hi))? |@|%, (3.31)

lEImt

which bounds the first summand in (3.30). For the second summand we prove the following
estimates.

Claim 1. For all w € W,

Hy 2 2
|Pp(Tly w + 21y )5 < C%%E lrg%nxt(lJrlog( Hi/hi))” [wols, -

Claim 2. For all w € W,

o
1Po(Mow + 211y )5 < C Y (Q, Qnt, T'p) r}aggafg Zlggi(lﬂog( H;i/h))? |wol%, -
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Proof of Claim 1 for the case Q = M~'. First, the identity PBS Pp=B'M B =
BTQ B (see Lemma 2.16, page 70) and Lemma 2.22 (page 72) imply

1Po(Mow + 21y )5 = B0 w + 2y w)) 15

. 3.32
= win |Byw+ )3 < [BTow)lb = [Ppow)z. )

Secondly, we apply Lemma 3.28. Due to the fact that Ilpw has only a non-trivial zero-
component, we get only contributions from faces, edges, and vertices Xjq shared by
and one of its neighboring subdomains 2;. There are no contributions from the Dirichlet
boundary, because (wo)r, = 0 due to (3.15).

[Po(Mow)[§ S D min(ag, ) [I"(h,, wo) 1 ) (3.33)
Xj
+ Zmin(ao, a;) ]Ih(ﬂXjO wo)\%{l(Qj) .
&j

We can simply estimate min(ayg, ;) from above by ag. By Lemma 2.39 and Lemma 2.34
we obtain

1" (9, wo)@lmfxw) + [0 w0) 3710,
) P . , (3.34)
S (1 +log(H; /)P { o woln o, )+ 7 w0z, }
J j

where Foy, is chosen such that X touches it. Combining (3.33), (3.34), and Lemma 3.26(ii),
we obtain

2 2 2 Qo 2
Po(Mow)ly < max(L+log(H;/hy) {!w0\50+;0£Hk leol122r) }

Ho (67))
< 1+ log(H; /h;))? 7{ 24 90 0l }
S max(1 +1og(H/h)?* masx 2% {funlf, + 72 [wolE2(on,

Using Lemma 1.33, the L2-term in the last line can be bounded from above by |w0|%0.
Combining the last result with (3.32) proves Claim 1 for the case Q = M. O

Proof of Claim 1 for () chosen according to (3.16)—(3.19). We start with the elemen-
tary estimate

|Pp(Mow + 21, )| S [Pp(Mow)[& + [Pp 2y w)ls- (3.35)
As shown in the above proof of Claim 1 (for Q = M~1),

H
2 2 0,012
|Pp(Ilyw)|g < ?elfa\%(l +log(Hj/h;)) max ; lwolg, » (3.36)

which bounds the first term in (3.35). For the second term, let z; denote the (constant) com-
ponents of 2y, ). Since g is a non-floating subdomain, zp = 0. Lemma 3.28, Lemma 2.34
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and a comparison with the entries of @ yield
|Pp Z(Ig w)% S Z Zmin(aia aj) |19ng(22 - z])‘%{l(Qz) + Z QG |19X1 zl’%ﬂ(ﬂ,)
1€Lint in X;NI'p

+ Z min(ao, o) [V, (20 — zj)ﬁfl((z’x, )
onﬂF ”

< B 21 w) 1 -

The above estimate holds for both the standard and the all-floating formulation, see the
proof of Lemma 2.44, page 82ff. Using Lemma 2.22 and the same technique as in the proof
of Lemma 2.44 we obtain

1Ppzow)les S I1B2awla < 1B Iow)|g

1
S Zao (1+log(Hj/hj)) q ||w0||%2(foj) + Zao lwoll72 (g,
Foj Eok

Using Lemma 2.34(ii), one can show that
1
lwoll 22y S (1+log(Hj/hy)) {|Hlfj wOﬁIl(Q'fj) + Hj||w0||%2(fj)}

if the face F; touches the edge £y,. Combining the last two estimates, Lemma 3.26(ii), and
Lemma 1.33 we finally obtain

2 Qo 2 2
Po 2ty [§ S a1+ log(Hy /) { max 7= [[woll 72 oa,) + ;ao H, worm(%)}
0j
< max(1 + log(Hy/hg)) max@ lwol%
~ keEN €Ny HZ 0
which proves Claim 1 for the diagonal choice of Q. O

Proof of Claim 2 for the case Q = M~!. We show

o
1Po(Mow + 21y ) |5 < C(Q, Qnt, T'p) ryggaf; gggﬁ(lJrlog(Hi/hi))zlwo%o-

As shown in the proof of Claim 1 for the case Q = M1,

1Po(Mow + 21y w))|3 = min_ [Pp(pw + 2)3 . (3.37)
z€ker S

We construct a special element z € ker S to bound this minimum from above:

1 h qyint o
5 { Ion sz IT} H'5* wo d if ¢ € Zhoat , (3.38)

0 else,

where ﬁiDnt wg € vh(ﬂint) is the restricted discrete harmonic extension according to Def-
inition 3.10, and H? is the Scott-Zhang quasi-interpolation operator corresponding to the
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triangulation 7" (€2;) which preserves the boundary values on Ty (if this set is non-empty).
With the abbreviation y := Ilgw + z, Lemma 3.28 yields

. ~ 2
|Pp(Ilpw + 5)% S ;mm(aoa ;) |Ih( /on(wo - ZJ)) }HI(Q’XjO) (3.39)
J
= 801
. 2
+ Z { Zmln(ai, aj) ‘Ih<19/¥ij (yl - y])) ‘Hl(Qz) + Z Qg |Ih(19/\’z‘ yl)ﬁ—ll((lz) } :
1€Ling  Xij XiNC'p

Note, that we have no contributions from 9€g N I'p because wg vanishes there. For the
contributions in ¢; we first note that the function H;-‘ ﬁ%‘t wp is an extension of wy from Xjo
to V(). This follows mainly from the properties of the Scott-Zhang quasi-interpolation
operator. Using the face extension Lemma 2.39 (page 78) and the discrete estimates from
Lemma 2.34 (page 76) we obtain

~ 2
‘Ih( /)(jo(w(] - ZJ)) ‘Hl(Q/XJ_O)

1 (3.40)

< (1 +log(Hj/hy))? {|H§‘ HB wolin ) + 7 1105 HB wo - %II%Q(QJ,)} :
J

If Q; is a floating subdomain, we can eliminate the L?-term using the definition of z; and
Poincaré’s inequality. If €; is non-floating, z; = 0, but Assumption 3.5 and Assumption 3.6
assure that the intersection 02; N I'p is at least an edge of 0€2;. By the discrete Poincaré-
Friedrichs inequality (Lemma 2.38, page 77), we conclude that

1 ~. ~.
2 HH? Hp' wOH%%Qj) S (L+log(Hj/hj)) ’H? Hp' wO\%{l(Qj) :
J

Using a similar trick as in the proof of Lemma 2.42 (see the part standard one-level formula-
tion), we can avoid getting three powers of the logarithmic factor. Combining these results
with Lemma 1.28 (page 39) we obtain

~ 2 ~in
|Ih( /ng (wO - ZJ)) }Hl(Q/XjO) S (1 + IOg(Hj/hj))z ’HDt wOﬁ{l(Qj) ) (3'41)
and thus,
p1 S ao Y (L+Tlog(H;/hy)? [HB wolfq,) - (3.42)
JENo

In order to bound 9, assume that i € Zj,; and let &j; be a face, edge, or vertex shared
by €; and €;. If j = 0 the corresponding terms can be bounded using the same ideas as
above. Otherwise, Lemma 2.34 yields

|Ih(19Xz‘j (yi — yj)) |12L11(Qi) - ‘Ih(ﬁ?{ij(zi - E])) ‘Zl(ﬂi)

(14 log(Hj/hy)) Hj|Z — Z|* . (3.43)

N
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Let U;; C iyt be a suitably shaped connected domain containing €2; and €); such that
diam;; ~ H; ~ Hj;. Furthermore, let H?j denote the Scott-Zhang quasi-interpolation
operator on U;; whose restrictions to §}; and ); coincide with H? and H?, respectively.

If i, j € Zfoat, the Bramble-Hilbert lemma (Lemma 1.13) and the continuity of H?j yield

Hj |z _5j|2 S |HZ ﬁill)lt U’O’%{l(uij) S |7TfiDnt w0|%11(uij)' (3.44)

The case i € Zfoat and j & Zgoar can only happen in the standard formulation. Note that
then, Z; = 0 and HB" wy vanishes at least on an edge of Q; (cf. Assumption 3.5). With the
definition of

~ 1 ~
Zj = Q|/ H?Hlf}twoda:,
] Qj
we obtain the following estimate by similar arguments,

Hj|% — P S Hjlz— 2 + Hj )

~

~. 1 ~.
h in 2 h Ayin 2
S I R wolrs uy + 2 I HE wollzzqy)
J

(3.45)

~ 1~

2 2

< IHB w0|H1(ui]~) + 2 D" wOHL?(Qj)
j

S (1 log(Hi/ha)) B wol3 gy, -

Here, we have used the same Bramble-Hilbert argument as before, the Cauchy-Schwarz
inequality, the continuity of the Scott-Zhang quasi-interpolation operator, the fact that H; ~
H; and |Qj| ~ H ]3, and the discrete Poincaré-Friedrichs inequality. With the previous
considerations, i. e., combining (3.43), (3.44), and (3.45), and using the fact that the auxiliary
domains U;; have finite overlap, we can conclude that

P2 DD min(ay, ay) (1+1og(H;/hy)) [HB wol 31 .
1€ZLing JEN; (346)

Qg 2 int 2
< max — max (1 +log(H;/h;)) ag |H 710
~ keI o jezint< g( ‘7/ ])) 0‘ D w()] H(Qint) 2

where U;g := ;.
In case of the standard formulation, ¢3 = 0. For the all-floating formulation we can use
Lemma 2.34 to show

p3 = > all"xZ)ing, S Y, (L+log(Hi/hi)a; Hi %]

X,L'OFD zlel—int \Iﬂoat
o ~
S (o Toa(Hi/h) o T wollaga,
ieIint\Iﬁoat :

S > (U+log(Hi/ha))? culHB wol g,y »
7:el—int\l—ﬂoat

where in the last steps we have used the Cauchy-Schwarz inequality, Lemma 1.28, and the
discrete Poincaré-Friedrichs inequality, which is justified because Hif}t wqo vanishes on I'p.
We see that ¢3 is absorbed in the bound (3.46).
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Combining the estimates for ¢1, @2, and 3, and using the definition of the extension
indicator, we obtain

s 2 ) 7int 2
Pp(II + 2 < max — max 1+log(H;/h; ag |H
| Pp (Il w E)|S ~ kT ag jEIint( g( J/ ])) 0‘ D wO|H1(Qim)

A 2 in 2 1 2
< (Q0, Qint; T'p) max ].Ig%i(l + log(H;/h;)) 040{|H *wolF gy, FO”@UOI\Lz(aQO)}-

Combining this result with (3.37) and Lemma 1.33 we can conclude that

(6
‘PD(HOw + 211, w)|?9 S th(Qm Qing FD) maxi max(l + log(Hj/hj))2 ’wolg‘o ’
kel (7)) J€Zint

which proves Claim 2 for the case Q = M~

Proof of Claim 2 for () chosen according to (3.16)—(3.19). With the special z € ker §
defined in the last proof, we obtain by the triangle inequality that

1Po(Mow + 2m,0)|% S [1Po(Mow+2)|% + | Pp(Z — 210 w)|3 - (3.47)

The first term can be bounded using the proof of Claim 2 for Q = M~!. For the second
term we perform the usual splitting into face, edge, and vertex terms, and bound these local
contributions, just as in the proof of Claim 1 for the diagonal choice of ). Exploiting the
careful choice of ), the sum of all these local estimates can be bounded by ||B(Z — 211, w) Hé
By another application of the triangle inequality and Lemma 2.22, we obtain

1Pp(Mow + 21m,0)|3 < 1BGE = 2zm0w)lly S 1BMow —2)[15 + [|BIow — 21140) |5
IIB(How—Vlléﬂngl(glsllB(How—Z)llé < IBow —2)|3 -
(3.48)

Similar to previous proofs we consider the contributions of || B(Ily w — A)Hé from face, edge,
and vertex separately. For a face, edge, or vertex Xj;, the contributions can be bounded by

. 1 ~ ) in
min(ao, i) (1 +log(Hi/hi)) o5 |17 — I HB woll72(q, -
1

If i € Thoat, then €; has at least an edge in common with T'p and Z; = 0, thus we can use
the discrete Poincaré-Friedrichs inequality and the H'-stability of the Scott-Zhang quasi-
interpolation operator to bound the L?-term by the H'-norm of HB* wp times another loga-

rithmic factor. If i € Tqgat, 2; is the average of H? ﬁif)‘t wy on §);, thus we can apply Poincaré’s
inequality in order to get the same bound, i.e.,

min(ag, ai) (1 + log(H;/hi))? [HB wol ()
The contribution from a face, edge, or vertex X;; with i, j # 0 can be bounded by
min(ai, Oéj) (1 + log(Hz/hz)) H; |ZZ — Ej|2 .

Using estimates (3.44) and (3.45), we obtain the bound

Qg s Rt 0|2
(e ) (1 -+ o/ o S ol -
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For the all-floating formulation we additionally have to investigate the contributions from
faces, edges, and vertices X; on the Dirichlet boundary. Note that since wg vanishes on I'p,
there is no contribution if ¢ = 0. For i # 0, the contribution can be bounded by

1

(e% (1 + log(Hi/hi)) H; ‘2‘2 S (o7} (1 + log(Hi/hi)) 2

h 75 2
T Hp* wOHLQ(Qi) ‘
Due to the finite overlap of all these local estimates, we finally obtain

int) ’

(077 ) /in 2
B(II 5 s (max=t) 1+ log(H;/h; '
1B(Tow + 2l S (max - ) max(1 -+ log(Hi/hi)) a0 [HE wolin q

Combining this result with (3.47) and (3.48) we can continue in the analogous way to the
proof of Claim 2 for Q = M~'. In the end, we get the desired estimate

ayg
[Pp(Mgw + 211, 0)[5 < Y4(Q0, Qine, Tp) max ifél%nxt(1+10g(Hi/hi)>2‘w0‘%oa

which finishes the proof of Claim 2.

3.5 Numerical results

In the following, we give some results on one-level BETI methods for two-dimensional un-
bounded domains. We consider three different geometric configurations. First, we choose
Qint to be the unit square, second, ring-shaped as in Figure 3.6 (left), and last, C-shaped as in
Figure 3.6 (middle). In our examples we vary the subdomain partition of {;,, where we use
simply quadrilaterals as subdomains, and we vary the discretization parameters, h; = hg = h.
Tables 3.1-3.3 display the number of PCG iterations and the condition numbers (estimated
by the Lanczos method) for the three geometric configurations. In the tables, we have used
the notation H/h = max;er H;/h; and Hy/Hp = max;en;, Ho/H;. In the computations we
have considered the heterogeneous coefficient distribution shown in Figure 3.6, right. Choos-
ing the homogeneous coefficient distribution «; = 1 results in almost the same behavior. In
our implementation, which builds upon OSTBEM [176], we have used the diagonal choice
of @ according to (3.16)—(3.19), and the PCG iteration was stopped when the relative error
(measured in the energy norm) went below € = 1075,

a=107

o.=1073 o =1

Figure 3.6: Sketch of the geometries for Table 3.2 (left) and Table 3.3 (middle). Right:
Coefficient distribution with jumps.
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Example 3.1 We choose () to be a square plus its exterior domain, where the square
is subdivided into the interior subdomains. Thus, we expect the quasi-optimal bound
C max;ez,, (1 + log(H;/h;))? which is reflected by the condition numbers displayed in Ta-
ble 3.1. We mention that the case Hy/Hp = 96 corresponds to 1297 subdomains. The
slightly growing numbers as the ratio Hy/Hp increases are probably due to pre-asymptotic
effects.

HO/HFH/\4\8\16\32\64

1.6 | 10 20|12 26|14 35|16 4.4 | 18 5.6
12 1.8 |11 25114 83|16 48|18 65|20 6.8
24 10 2.1 12 29|14 89|17 52|18 65|20 79
48 (| 10 2.4 |12 8.4 |15 4.6 |18 60|20 75| — —
9% (| 11 2.6 |13 88|16 51|18 66| — — | — —

Table 3.1: Number of PCG iterations and condition numbers for a unit square plus its
exterior without any interior boundary conditions.

Example 3.2 Here, we choose the geometry shown in Figure 3.6, left, where the grey
region is subdivided into subdomains. As we see the Dirichlet boundary is separated from
0Q by a distance n, which implies the condition number bound

< C— 1+1 H;/h; .
PO max (1 + log(H;/hi))

Indeed we observe a non-negligible growth in the estimated condition numbers in Table 3.2
compared to Table 3.1 when we vary the ratio Hy /7.

Ho/Hp || H/h=2 4 8 16 32 64
6|11 23 [ 13 4.1 |15 6.4 | 18 9.3 | 20 12.7 |21 16.7
Ho/n=6 12|12 83 |15 57 |17 9.0 |21 131 |24 180 |28 239
24 |13 81 |15 50 |17 7.9 |21 11724 16327 217
48 |12 83 |15 50 |18 77 |21 114 |24 158| — —
96 || 13 385 |15 51 |18 7.6 |21 11.2|— — | — —

Ho/Hrp | H/h =2 4 8 16 32
24 13 4.6 | 16 7.2 | 20 11.8 | 23 15.1 | 25 18
Ho/n=24 48 || 15 7.0 |20 181 |22 181 |25 234 |27 288
96 | 17 106 |20 16.0 |24 217 |28 27.7| — —
192 || 17 12121 17824 238 | — — | — —

Ho/Hrp || H/h =2 1 8 16
96 || 18 19.1 | 23 31.5 | 28 43.8 | 33 56.1
Ho/n=96 192 || 23 31.6 | 30 49.6 |35 687 — —
384 || 27 40733 619 — — | — —

Table 3.2: Number of PCG iterations and condition numbers for a unit square with Dirichlet
conditions on a “hole” (cf. Figure 3.6, left) with distance n from T'y.

Example 3.3 For the example shown in Figure 3.6, middle, and Table 3.3, we have proved
the same bound with an additional logarithmic factor. However, we do not observe this
behavior in our calculations: the condition numbers are actually better than predicted,
and effectively a bit less than those in Table 3.2. This is no contradiction to our theory
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since we have proved (asymptotic) upper bounds only. The numbers of PCG iterations are
comparable to those in Table 3.2 and they show the efficiency of the proposed one-level BETI
preconditioner.

Ho/Hp | H/h=2 4 8 16 32 64
6|11 23 [13 4.1 |16 6.4 | 18 9.3 |21 12723 16.7
Ho/n=6 12|12 83 |15 57 |18 9.0 |21 13124 18026 239
24 |13 31 |15 51 |17 80 |21 11.7]25 163 |27 217
48 |13 83 |15 51 |18 78 |21 114 |24 158| — —
9 || 13 85 |16 52 |19 76 |22 112 — — | — —

Ho/Hp | H/h=2 1 8 16 32
24 [[13 5.0 | 17 7.8 | 19 10.7 |22 13.7| 25 16.8
Ho/n=24 48 | 16 76 | 19 11.8|22 164 |24 21.2| 28 26.1
96 || 16 9.6 | 21 145 |24 197|288 251 | — —
192 || 18 109 |21 16225 216 — — | — —

Ho/Hr || H/h=2 1 8 16
96 |[ 20 17.1 | 25 28.1 | 28 39.1 | 32 50.0
Ho/n =96 192 || 24 28130 442|355 61.2]— —
384 || 27 36.8|33 52| — — | — —

Table 3.3: Number of PCG iterations and condition numbers for a unit square with Dirichlet
conditions on a rectangular outline touching I'y, see Figure 3.6, middle.

Choosing a heterogeneous coefficient distribution with very small interior coefficients
a; < ap (1073, 107°) leads to better condition numbers. This might be due the fact that
the solution is relatively flat in €y and so the problem gets more similar to a Dirichlet
problem on the bounded domain Qjy.

3.6 Implementation issues

As outlined before, the principal differences to FETI/BETI methods for the bounded case
are

(i) the possibly large number of neighbors to 9}, and
(ii) the possibly large number of DOFs in V"(9£) compared to the other subdomains.

Issue (i) means that in practice, the processor which handles the exterior subdomain has to
communicate with a lot of other processors. Issue (ii) implies that we might have no load
balancing. In order to address these problems we can go for the following strategies.

Buffering We introduce several layers of “buffer” subdomains in between the original
interior subdomains and the exterior subdomain €2y, cf. Figure 3.7. This way we can reduce
the number of neighbors to €g. If the problem setting permits, we can make the mesh on
0 coarser such that we regain load balancing. However, this strategy is somehow against
the principle of using a boundary element approximation for the exterior subdomain instead
of introducing a large layer (as the buffering layer) with Dirichlet boundary conditions on
the outer boundary.
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buffer subdomains

Figure 3.7: Illustration of the buffering strategy. Original interior subdomains in dark grey,
buffering subdomains in light gray.

Sub-parallelization It would be more favorable if the computational work corresponding
to the exterior subdomain 2y could be further distributed. In this context we would like to
briefly discuss a possible procedure. The two bottlenecks in the method are the application
of Sy in the preconditioner M~! and the application of Sy Lin the operator F.

According to Remark 3.7, we can replace the block Sy appearing in the preconditioner
M~ by the regularized hypersinuglar operators 150. A close inspection of the underlying
proofs reveals that S in the preconditioner can be replaced by any operator Sy which satisfies

wlf < Cilwlg, , and |Pplg,, < Coluwlg.

Then the condition number bound is given by C7 Cs. For example, we can use Sy :=
(Sa,0,51,...,5s) where Sy is a parallelizable preconditioner, e.g., a suitable wirebasket
type preconditioner, see TOSELLI AND WIDLUND [184, Sect. 5.4.2] and the references therein.

In order to sub-parallelize the action of Sy ! we can move to the inexact method, cf.
Section 2.2.3.5. Assume for the time being that we are in the pure BETI case. The system
to solve has the form

-V sI+K 0 t 0
I+ K" D B'P u | =1\ f
0 P'B 0 A 0

Having at hand

(i) parallel applications of the boundary element matrices V, Ky, My, and Dy,
(ii) parallel preconditioners for Vy and Sp, and

(iii) a sub-parallelized BETT preconditioner (e. g., of wirebasket type as described above),

we can perform the inexact BETI method with a quasi-optimal load balancing. Here, there
is some space left for future research, although many BEM parallelization techniques can
be found in the literature, see, e.g., BOERM AND BENDORAITYTE [13], BEBENDORF AND
KRIEMANN [9], CHEW ET AL. [34]. We remark that if 9} is a circle or a sphere, the Steklov-
Poincaré operator can be realized very efficiently using the fast Fourier transform, see, e. g.,
RyasaNow [157].



Chapter 4

Dual-primal methods

Dual-primal FETI (FETI-DP) methods were first introduced by FARHAT, LESOINNE, LE
TALLEC, PIERSON, AND RIXEN [63]. Their idea was to keep the unknowns at the subdomain
vertices “primal”, i.e., do not break the continuity there. This way, after an elimination of
these unknowns, the resulting subdomain operators are always invertible. The elimination
step of the primal unknowns can be seen as a coarse problem. A first analysis for the
two-dimensional case was given by MANDEL AND TEZAUR [132], which showed that the
method of this type equipped with a Dirichlet preconditioner leads to the condition number
bound C (1 + log(H/h))?, the same as for one-level FETI methods. Algorithms for the
three-dimensional case were contributed by FARHAT, LESOINNE, AND PIERSON [61], see
also the doctoral dissertation by PIERSON [149], and finally by KLAWONN, WIDLUND, AND
DRryJA [111] where a rigorous analysis of the three-dimensional case can be found. See also
BRENNER [24] and BRENNER AND HE [25] for sharp estimates. It turned out that in three
dimensions, primal vertex constraints result in a poor condition number. A polylogarithmic
bound can be obtained by additionally imposing edge and/or face average constraints. A
comprehensive description of various FETI-DP algorithms and their analysis is contained in
the monograph by TOSELLI AND WIDLUND [184].

The dual-primal BETI (BETI-DP) methods were introduced in LANGER, POHOATA,
AND STEINBACH [121], however, without giving any analysis and without much discussion
on an efficient implementation for large-scale problems. It is clear from Chapter 2 that the
condition number bound will again be C (1 + log(H/h))? for the BETI-DP and hybrid dual-
primal methods, due to the spectral equivalence of the BEM and FEM approximations of
the Steklov-Poincaré operator. Nevertheless, it is at first glance unclear if difficulties will
arise in case of an unbounded domain.

Section 4.1 gives the formulation of hybrid FETI/BETI-DP methods, where the un-
bounded case is included. A condition number bound is proved in Section 4.2. It will turn
out that, in contrast to Chapter 3, we get the quasi-optimal bound also for the unbounded
case since the coarse space directly incorporates the exterior problem. However, assembling
the coarse matrix is much more costly as compared to our proposed one-level method. This
is because many exterior problems need to be solved, leading to a non-optimal computa-
tional complexity. We discuss implementation issues and possible future extensions for both
one-level and dual-primal methods in Section 4.3. We note that parts of this chapter rely on
results published in PECHSTEIN [143, 145].

123
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4.1 Formulation of FETI/BETI-DP methods

In the sequel, we consider the weak formulation of the potential equation
—div [o; Vu] = f inQ;, 1€,

cf. Chapter 2 and Chapter 3, where we treat the bounded (0 ¢ Z) and the unbounded case
(0 € 7) in one and the same formulation. We assume that either 0 € Z and the radiation
condition (1.49) is fulfilled, or we have a Dirichlet boundary I'p of positive surface measure.
We take the same assumptions on the coefficient, the source, and the Neumann data as we
did in the previous chapters, and without loss of generality, we assume homogeneous Dirichlet
boundary conditions, i.e., gp = 0. In what follows, we will restrict ourselves mostly to the
three-dimensional case. Note, however, that in contrast to the methods before, we can allow
that the Dirichlet boundary touches a subdomain only in a vertex, even if this subdomain
is the exterior domain. As in Section 2.2 and Chapter 3, we start from the discrete skeleton
formulation, see, e.g., (3.13), which is equivalent to the minimization problem

> [%<Sz‘ u, wog, — <fi7u>8§2i] —  min . (4.1)

i€l ueVA(Ts)

There again, S; denotes the discrete Steklov-Poincaré operator, obtained by FEM or BEM,
depending on the subdomain. As in the formulation of standard one-level methods, we use
the definitions
Wi:=VH(T:) and W:=]][Wi, (4.2)
€T
and we consider the Steklov-Poincaré operators \S; as mappings from W; to W;*. Similarly,

we set S = diag (S;) : W — W* and f = [filiex € W*.

4.1.1 Dual-primal spaces

In dual-primal methods, one works with subspaces W C W, for which sufficiently many
constraints are enforced such that the block operator S is SPD when restricted to W, cf.
ToseELLI AND WIDLUND [184, Sect. 6.4]. Such spaces are constructed as follows. We choose
a primal space /V[7H C VDh(FS) and a dual subspace V[N/'A C W such that

W = WH ) WA .
Note that for simplicity, we identify functions from V}3(T's) with the corresponding contin-

uous functions in the product space W. We denote the component of the product space
W which corresponds to the i-th subdomain by W ;. According to KLAWONN, WIDLUND,

AND DRyJa [111] we display several choices of the space W. The first one, Algorithm A, is
illustrated in Figure 4.1.

Algorithm A. The primal subspace Wn is spanned by the nodal basis functions 6y, €
VJ(T's), where V;; runs over all the subdomain vertices on the interface. The local subspace
Wi is defined as the subspace of W; with its elements vanishing on the subdomain vertices,
i.e.,

WA,i = {wi S Wi : wZ(VU) =0 VVZ]} .

Thus, W is the subspace of W of functions being continuous at the subdomain vertices.
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Dirichlet boundary

Figure 4.1: Illustration of the dual-primal space in Algorithm A. The “o” indicate the primal
DOFs.

Algorithm B. The primal subspace /WH is spanned by the nodal basis functions 6y,; €
VA(Ls), for all subdomain vertices on the interface, and the cut-off functions 6, 07, €
V() for subdomain edges and faces on the interface. The local subspace WAJ is defined
as the subspace of W; where the values at the subdomain vertices vanish, together with the

averages
1 1

wi)ds,, w7 = o [ we)ds,,
|gz]|/5” “7:@]| Fij

WAJ = {wi e W;: 'LUZ(VZ]) =0, Wigij =0, Wz‘}—ij =0 VVZ‘]‘, gija fl]} .

Wt =

i.e.,

Thus, W is the subspace of W of functions being continuous at the subdomain vertices and
with continuous edge and face averages.

Algorithm C. The primal subspace WH is spanned by the nodal basis functions 60y, €
V(D) for all interface subdomain vertices, and the cut-off functions g, € VA(T's), for all

interface subdomain edges. The local subspace /I/IV/AJ; is defined as the subspace of W; where
the values at the subdomain vertices vanish, together with the edge averages, i. e.,

WAJ = {wi e W, : wi(Vi]’) =0, Wigij =0 VVU, &‘j}.

Thus, W is the subspace of W of functions being continuous at the subdomain vertices and
with continuous edge averages.

Note, that Algorithm A works well in two dimensions only, see also FARHAT, LESOINNE,
LE TALLEC, PIERSON, AND RIXEN [63] and MANDEL AND TEZAUR [132] for some numerical
experiments on such FETI-DP methods. Its poor behavior in three dimensions relates to the
fact that there is no comparable discrete Poincaré-Friedrichs inequality to Lemma 2.38 for
functions vanishing at single vertices, at least not with a logarithmic factor. On the contrary,
Algorithms B and C will lead to a polylogarithmic bound for the condition number. We will
briefly sketch another algorithm (Algorithm D) at the end of Section 4.2 after the proof of
the condition number bound.
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4.1.2 The actual dual-primal methods

Depending on the choice of the spaces WA and W\H, we define the Schur complement operator
S:Wa — W, by

S = Sa — San Sg'Sta (4.3)

where the block operators Sa : WA — WA*, STIA WH — WA*, SAT : WA — /V[7H* and
St : Wi — Wy satisfy the relations

(Sava, wa) = (Sva, wa) Yoa, wa € Wa,
(Samva, wn) = (Snawm, va) = (Sva,wn)  Voa € Wa, Yun € Wi,
<SH V11, wn> = <SUH, wn> V’UH, wIT € WH.

Due to the nature of the space WN/A, the operator Sa can be written in the form diag (Sa ;).
It is important to note that in particular for Algorithms A—C, the operators Sir and Sa are
SPD. The latter is true because on each subdomain €;, at least one vertex DOF's is fixed to
zero, thus ker Sa ; = {0}. Moreover, we have the minimizing property

(Swa, wa) = min (S(wa + wn), wa + wi) . (4.4)
wn eWn

Furthermore, we define the functional
fi=fa—SanSylfn in Wy, (4.5)

where fa and fr are the projections of f onto the corresponding subspaces. The continuity
constraints on the interface are incorporated using fully redundant Lagrange multipliers, but
(in contrast to one-level methods) only for the degrees of freedom in Wa. In particular, for
Algorithms A—C, there are no Lagrange multipliers corresponding to subdomain vertices.
We denote t?;—} space of these Lagrange multlphers by Ua and define the corresponding jump

operators B WA i — Ux and B : WA — U, analogously to Chapter 2. Since functions

from WH are continuous, we will occasionally extend the domain of definition of Ba to the
full space W. As in Chapter 2, we restrict ourselves to fully redundant constraints. Note,
that the continuous edge averages in Algorithms B and C already create some redundancy,
cf. [184, Sect. 6.4.2]. With these definitions, we arrive at the following minimization problem,

1 ~ ~
> [*(51%, un) = (f,ua)|  — min . (4.6)
— |2 W
i€ un€EWA

Ba ua=0

This problem is equivalent to (4.1). Suppose we have the solution ua to (4.6), then the solu-
tion to (4.1) is given by u = ua + up with u = Sﬁl(fn — Staua). The above minimization
problem is equivalent to the following saddle point problem: Find (ua, A) € Wa x Ua such

() ()-(0)
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where the Lagrange parameters A are unique up to ker BZ. It can be shown that S is SPD

on I/IN/A, cf. [184, Lemma 6.33], and thus its inverse S—! exists. We define the operator
F :Ux — Uy and the functional d € U," by

F:=BaS™'BX  and d:=BaS7'f.
Then, the above saddle point problem reduces to find A € Ua such that
FA=d. (4.7)

Similar to Chapter 2 we see that F' is SPD (and invariant) on the factor space V :=
(UA)/keng7 and maps to V' := U,* Nrange Ba. Hence, A can be obtained by a PCG

iteration on V. A suitable preconditioner M ~! is introduced in the next paragraph. By
the same arguments as in Chapter 2, we do not have to care about any contributions from
ker BZ in the Lagrange multipliers during the PCG algorithm. As a main difference to the
one-level method discussed in Chapter 2 and Section 2.2, no projection P appears, instead
we need the coarse solve S Uin every PCG step when applying S™!, cf. formula (4.3).

Analogously to Section 2.2.1 we introduce the scaled jump operator Bp a : W " — U.
Let 6} denote the weighted counting functions (see equation (2.50) in Chapter 2). For each

i € Z, define the operators D; : Uy" — Una by

(Di w)ij(a") := 8} (") pij(a™)  for pe Uy, ateTl,

(4.8)

where all other components are set to zero. Finally, we set

BD7A = Z -D'L Bx) jWAJ' )
i€l
where Jyw, , : Wa,i* — Wa,; is the Riesz isomorphism with respect to the Euclidean inner
product, cf. Chapter 2.53. Note that, when using the standard nodal basis, Jw, , corre-
sponds to the identity matrix. According to [111, 184], the preconditioner is defined by

M~ =Bp aSaBpa-

As we have seen before, Sa = diag (Sa ;) with the operators Sa ; : WN/AJ — sz defined
by the projections of S; to the corresponding spaces. Consequently, the application of Sa is
purely local and the application of M ~! can easily be parallelized. For the BEM subdomains
(including the exterior one), the operator Sa ; in the preconditioner may be replaced by
the Galerkin projection of the hypersingular operator Da ; : Wa ; — Wa ;*, cf. LANGER,
POHOATA, AND STEINBACH [121].

As the next section will show, the system M ~'F X = M~ d satisfies the same condition
number bound as that of the one-level FETI/BETI methods in the bounded case. For
unbounded domains, it satisfies in general a better bound than the one-level method.

4.2 Condition number bounds for dual-primal methods

In the sequel we elaborate a characterization of the dual-primal preconditioner M ~! in terms
of the projection
P :=Bj ABa,

so that BZM’lBA = PATSAPA, similar to Section 2.2.1.3.
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Lemma 4.1. Let the spaces WH and /V[7A be defined according to Algorithm A, B or C. Then,
for all wa € Wa,

A WA )\ X)) = JEN
wA,i(xh) =0 fO?" xh c aQ? N FD )

In particular, P wa vanishes at all non-coupling Neumann nodes. Furthermore, Paw € WA
for any w € W, and BAPA = Ba.

Proof. The proof is in most parts analogous to the proof of Lemma 2.16, see also KLAWONN,
WIDLUND, AND DRyYJA [111]. The only difference is that there are no Lagrange multipliers
corresponding to subdomain vertices; however, the values of wa vanish there anyway. O

It can be shown that the operator F : V — V' is invertible. Let I : Un — V the ¢*-
projection that fixes the ker BZ component of a Lagrange multiplier and embeds the result
in the factor space V.= Uax /ker B Then one can show that the mapping IIM 1 : V! — V is

invertible. For a detailed proof for many different choices of the spaces /V[7A and WH we refer
to TOSELLI AND WIDLUND [184, Lemma 6.33]. Similar to our discussion in Section 2.2.4.2,
the solution u obtained by the dual primal PCG algorithm does not change when we omit
the projection II; only the Lagrange multipliers A differ by a term from ker Bg.

Next we state a stability estimate similar to Lemma 2.27 and Lemma 3.19.

Lemma 4.2. Let Wa be defined according to Algorithm B or Algorithm C. Then,

|Pawals, < C %%x(l + log(H;/hi))? \MA% Vwa € Wa,

where Ling = Z \ {0} and the constant C > 0 is independent of h;, H;, the values of o, the
number of subdomains, and the number of neighbors of Qy. In particular, the estimate does
not depend on Hy.

Proof. The proof follows the line of KLAWONN, WIDLUND, AND DRyJA [111], see also
TOSELLI AND WIDLUND [184, Sect. 6.4.3]. Only a few of the arguments need to be adapted
to the unbounded case. For the sake of completeness, we display the whole proof for the
three-dimensional case. A proof for the case of Algorithm A in two dimensions can then be
derived relatively easily.

Let wa € WA be arbitrary and let wy € /V[7H denote the minimizing function, such that
we have |wa|g = |wl|s, with w = wa +wr1, see equation (4.4). Since wyy is continuous across
the subdomain interfaces and ~vanishes on I'p, we obtain by Lemma 4.1 that Paw = Pawa.
Moreover, recall that Paw € W, and that Sa is identical to S on the subspace Wa. With
these considerations it suffices to show that

|Paw|} < C max(1 +log(H/R)) |w|z  YweW. (4.9)

As in previous proofs we split |(Pa w); |§Z into edge and face contributions. For the algorithms
considered, we do neither get any vertex contributions nor contributions from the Dirichlet
boundary I'p because PA w € Wa. For convenience we introduce the notation Y;; referring
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to edges and faces on the interface I';;. Analogous to the analysis of one-level methods we
can show that for i # 0,

2
(Paw)ifl, = | D213} 0, wi = wy))|
Vij ’
4.10)
< (512 A N (
< ; o (0) [0, (w, wj))\mmi).

<min(a;, ;)
By similar arguments and the help of Lemma 3.26(i) and Lemma 2.39,

2
(Paw)olf, S - minao, az) [ (B, (w0 — wy)|
Yoj

) (4.11)

Face contributions Let the face F;; be fixed with 7 € 7 and j # 0. By Lemma 2.34 and
Lemma 2.39, the contributions from the face F;; of (4.10) and (4.11) are bounded by
2
mln(ai, Oéj)‘Hj ((gfi_j(wi - wj)) ‘Hl(Qj) (4.12)
= min(ay, Oéj)‘Hj (07, ((wi —@7) — (wj —w;7) + (Wi —w;7))] ‘Hl(n.)
J

< (1 +log(H;/hy))* min(a;, aj){ij(wi —wj)[in (o, +

1 —Fij —Fiiy || 2 : —Fiy _ ——Fij |2 2

4 EH(MZ — u) — (U)j — wj ”)HLQ(EJ')} -+ mm(ai, Oéj) ‘wi i —w; ’LJ‘ "Hj@}‘ij ‘Hl(ﬂj) .

In case of Algorithm B, we have continuous face averages by the definition of the space W,

e, w7i = ij 4, and so the last term vanishes. For the remaining L’-term we use a
Poincaré-Friedrichs type inequality (based on Theorem 1.7) to finally obtain the bound

C(1+ log(Hj/hj))2 {ai‘Hiwiﬁ{l(Qi) + O[j|Hin’§{1(Qj)} )

of the face contribution for the case i # 0. If ¢ = 0, we have to replace the term ]Hiwi\%l(ﬂ,)
by |H’f0j wo (S, ) i.e., the extension of wy from the face Fo; to auxiliary subdomain Q’foj,

cf. Section 3.4.3.
For Algorithm C, Lemma 2.34(iv) yields
H;0r i, S (1+log(H;/hy)) Hj. (4.13)
We choose an edge &;; C 0F;; and obtain
@i —wg S [ —wt P (T - wpt
2

- £i112 (4.14)

+ |y —579)

because w;% = ngii due to the definition of . Using the definition of the edge average,
the Cauchy-Schwarz inequality and Lemma 2.34(ii), we obtain
——7 ~%ii |2 1 __F.
(wj —w;79) 7| S 77 lwi = Wi |72 s,
1J ) (4.15)
2 —Fii (|2
S g, (L F los(Hj/hy)) Ml + 7, s =3 oy |-
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An analogous estimate holds for the first term in (4.14). Combining (4.12)—(4.15) and using
again a Poincaré-Friedrichs type inequality, we are finally able to bound the face contribution
(4.12) from above by

C(1+ IOg(Hj/hj))2 {ai‘Hiwiﬁ{l(Qi) + O‘J"ijjﬁql(gj)} ’

where again, if ¢ = 0, we need to replace |Hiwi%1(9i) by |H'f0jwo|H1(Q/f0j).

Edge contributions We fix an edge &;; with ¢ € 7 and j # 0. Using Lemma 2.34(i) and
the face that for both Algorithms B and C, w;%% = w; 4, the contributions in (4.10) and
(4.11) from the edge &;; can be bounded by

win(ai, o) || (0e,, (wi = 07)) [ 20
< min(ai, a]) le - ZU]H%Q(&‘U)

. -y &
= min(ay, o) [[(w; — i) — (wj — w7 )[|72e,,)

= minfas, ) o = 5% = = + [y - w57~ =7

L2(&;)
where the faces F; and F; are chosen such that &; C 0F; N 0F;. By the Cauchy-Schwarz
inequality, we see that

< |2
L2(&j) ™ i = HLQ(SU)'

If i # 0, Lemma 2.34(ii) and a Poincaré-Friedrichs type inequality yield
. 2
min(ay, o) [|H; (0, (wi — w;)) HHl(Qj)
S agllw —Wz‘fiﬂi2(gij) + allw; — ijj\\%z(gij)
1

< (1+10g(Hj/hj)){Oéi [|Hiwi!?{1(m) t i
J

oi =7 22y +
2 1 —F; |2
—+ a; [|ijj|H1(Qj) + FHU}]’ — Wy / ||L2(]-'j):| }
J

S (1 +log(H;/hy)) {Oéz' [Hiwil 71 ) + @ \ijj\fql(szj)} :
For the case i = 0, we obtain the bound
€ (1 + log(H; /1)) { a0 [Hywol1 gy ) + a5 (Mo, |-
Since each edge and face is shared only by a finite number of subdomains, we obtain
|Pawld S max (1 +log(H;/hy))? { [ ; a; |Hiwi’§11(9i)} + fz ag |H§wo|ip(9/f0j)}-
i€Tint 0j

Using the equivalence relations of the Steklov-Poincaré operators and Lemma 3.26(ii), we
obtain the desired result,
[Pawl? < max(1+log(H;/h))* Y lwil,  VweW.
Jezint ieT ¢

which concludes the proof of Lemma 4.2. O
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The estimate of the Pp operator directly leads to the main theorem.

Theorem 4.3. Let the spaces /WH and WA be defined according to Algorithm B or C. Then
the dual-primal preconditioner fulfills the following condition number estimate,

k(M™'F) < C max(1+log(H;/hs))?,

1€t

which is to be understood in the factor space modulo ker BZ. The constant C' is independent
from H;, h;, the values «;, and the number of subdomains. If 0 € T, the entire bound is
independent of Hy and the number of neighbors of €.

Proof. For completeness, we display the proof which can be found in KLAWONN ET AL. [111].
The crucial estimate is of course that from Lemma 4.2. From previous considerations we
know that the inverse M : V — V' of I M~ exists. Hence, it suffices to show

(MA X < (FA N < C max(1+log(Hi/hi)2 (MM X VYAEV. (4.16)

iEIint
Lower bound. Due to Lemma 1.1,

A\, B 2 A, )2
(FX,\) = sup %, (M X, A\) = sup %
vAEWA ‘UA’§ pev’ <M H, M)

For an arbitrary u € V' there exists a function wa € WA with © = Ba wa. Recall from
Lemma 4.1 that BAPA» = Ba and range PA C Wa. Since the minimizing property (4.4)
implies |ualg < |uals, for all ua € Wa, we can conclude that

(A, BAPA wa)? > W Bawa)® (A p?
|Pawal% ~ |Pawalg, (M~tp, p)

(FA\) >

Choosing @ = M\ we arrive at the lower bound in (4.16).
Upper bound. Combining the estimates from before with Lemma 4.1, and Lemma 4.2, we
can conclude that for all A € V,

A\, B 2
(FX\ N = sup A, Ba §A>
vAEWA ‘UA’§
Lemma 4.2 \. B 2
< max(l—i—log(lT-Ii/hi))2 sup %
1€t vAEWA ‘PAUA‘g
Lemma 4.1 <)\ BA 'UA>2
< max (1 + log(H;/hi))? su :
~ iEIint( 8(Hi/hi)) UAG%A (M=1BaAwa, Bava)
V'=U \*Nrange Ba ) < M>2
< max (1 + log(H;/h;))” sup ————.
~ Z'El—int( g( Z/ Z)) /LG\I/)’ <M_1:U’7 M)
By Lemma 1.1 we arrive at the upper bound in (4.16). O
Remark 4.4. 1. In two dimensions, Algorithm A gives the same condition number es-

timate, also in presence of an unbounded subdomain. The proof of such an estimate
requires no new ideas and is therefore skipped.
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2. It was shown in BRENNER [24] that for bounded domains, the estimate in Theo-
rem 4.3 is sharp in two dimensions. For sharp bounds of related three-dimensional
non-overlapping DD methods see BRENNER AND HE [25].

3. We see that in contrast to the one-level methods, the analysis for dual-primal methods
with unbounded domains is much simpler, because the L2-terms on the faces of the
exterior domain {2y can immediately be eliminated using the continuity properties of
the space W. Moreover, we do not need any restrictions on the coefficients or on the
boundary conditions. This means the coarse spaces Wy of the dual-primal methods
are more powerful than the coarse spaces of the one-level methods. In the next section,
we discuss drawbacks of this coarse space.

The number of DOF's of the coarse spaces from Algorithms B and C can be very large
in comparison to the coarse space from the one-level methods. The following algorithm pro-
posed by KLAWONN, WIDLUND, AND DRyJA [111] addresses this issue. In the unbounded
case, it is possible to show the polylogarithmic bound from Theorem 4.3 also for this algo-
rithm by combining the previously presented ideas and the proof in [111].

Algorithm D. In order to get a small number of primal DOFs, we select only a few primal
edges and vertices, while at the same time assuring that each local problem is well-posed, and
that the overall dual-primal system is well-conditioned. We sketch this selection algorithm in
brief. For each face, at least one edge must be designated as primal. For all pairs of subdo-
mains €2;, Q; which share an edge but not a face, or share a vertex but not an edge, a so-called
acceptable edge path must exist. Such a path is a sequence of subdomains €2;, ), ..., €2,
linked through primal edges, where the coefficients assigned to the subdomains in between
are effectively not smaller than min(a;, a;). This means, in the case of jumping coefficients,
some of the vertices and edges must additionally be designated primal in order to achieve
this property. For details, see, e.g., TOSELLI AND WIDLUND [184, pp. 171ff].

4.3 Implementation issues of dual-primal methods

In this section, we would like to give a few remarks on the implementation of the previously
discussed hybrid dual-primal methods. First, we briefly describe how the operators are
actually realized. There, much of the material is taken from the doctoral dissertation by
RHEINBACH [154] where a detailed description of FETI-DP methods can be found, see also
KLAWONN AND RHEINBACH [105]. Last, we compare the dual-primal methods to the one-
level methods from Chapter 2 and Chapter 3. In particular we discuss how effective each of
them performs in the unbounded case.

4.3.1 Handling of edge and face constraints

For the implementation of methods for three-dimensional problems, one needs to handle the
edge and possibly face average constraints, cf. Algorithms B and C. We briefly discuss two
approaches, which are well-described in RHEINBACH [154, Sect. 3.3.1f],

Change of basis. We first restrict ourselves to Algorithm C. Let the subdomain €2; be fixed
and let 2" € 89? be an interior node of the edge &;;. In a first step we replace the nodal
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basis function ¢ » by the cut-off function 952.]..1 The remaining nodal basis functions ¢,n for
nodes y" in the interior of the edge are orthogonalized such that | g, Pyn ds = 0. We perform

analogously for every edge. Doing so, the functions ¢y, , Og,; form a basis of WH,@', i.e., the

i
space /I/T7H restricted to 0€2;, whereas the remaining basis functions span WAJ. The analogous
recipe can be applied for Algorithm B. For a FEM subdomain, the stiffness matrices, load
vectors, and boundary element matrices with respect to the new basis can be calculated
via a standard basis transformation. Elements in W; A can then easily be represented by
constraining their DOFs with respect to the vertex-, edge-, and possibly face-based basis
functions to zero. It is clear that this approach will affect the sparsity of the stiffness matrix,
at least for Algorithm B in three dimensions.

Local Lagrange multipliers. 'The basis transformation is carried out as before, but we can
circumvent forming the matrices with respect to the new basis. For a FEM subdomain €;,
let K; and f; denote the (full) stiffness matrix and load vector with respect to the original
basis, and let K; and f; be the stiffness matrix and load vector with respect to the new basis.
Furthermore, let IA{%)R and /f}(%l) denote the blocks without the primal DOFs (here we assume
that the primal DOFs are indexed at the very end). A system of the form

KAl = 1 (4.17)

is then solved by the constrained system

-~

- () e

203 0

Here, T; denotes the transformation from the new basis to the standard nodal basis and C;
is the matrix which constrains u; (which is given in the original basis) such that u; € W; a.
The solution to the original system (4.17) is finally given by

ay = (I 10) T; ' w.

This means, instead of an SPD system with a possibly non-sparse stiffness matrix IA(%'E, we
can solve a saddle point system with the original sparse stiffness matrix and with the local
Lagrange multiplier ;. The same technique can be applied also for the BEM subdomains,

as we will demonstrate below.

4.3.2 Realization of the operators

Realization of Sa,; on a FEM subdomain. First, we partition the full stiffness matrix IA{l
into blocks

o (Kas RS K
| K K K
KHA KHI KHH

'n the finite element context, this means effectively that we replace @, by Ve, ;» see Remark 2.35.
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Here, the subscript I refers to the DOFs corresponding to nodes in the interior of the
subdomain, whereas A and II refer to the dual and primal DOF's, respectively, which can be
associated to nodes, vertices, edges, or faces on the boundary 0¢2;. The matrix representation
of Sa,; is then given by

q _ 1@ () g ()71 -132()

Sani = Kxa —Kyg [KH] KiA-
Note, that for the basis transformation described above, IA{%) = K?I) Therefore, up to the
basis transformation, the application of Sa ; is performed by solving a Dirichlet problem,
analogously to Section 2.2.3.

Realization of Sa,; on a BEM subdomain. Let T; denote the basis transformation on W;
which transforms from the new basis to the old basis. By D;, M;, K; and V; we denote the
usual boundary integral matrices with respect to the standard bases. Furthermore, let DZ7
MZ, and K denote the matrix representation with respect to the new basis for the space
VR (0€);), whereas the basis for Z"(02;) remains unchanged. The Steklov-Poincaré operator
S; has also two representations, S; and §Z with

Stia  Stm
S) _ @) o) vl @y )
In order to compute fA’ = SyAVx', we can solve t; = V; - (5M’ + K, )v,' and set

£ = DY + (BT + [KYT )t

Up to the basis transformation, this is the same procedure as described in Section 2.2.3.

Realization of Sy for a FEM subdomain. In order to compute GX) = [§X')A]—1§X>, we can

solve i (V) i () (4) ‘
(=) (B)- (%),
Kin  Kig Vi 0

which is of the form (4.17).

Realization of Sgli for a BEM subdomain. Instead of computing @X) = [gg)A]*lfg\X), we
can solve the saddle point system
( DU R ) ( W) ) _ < 3¢ ) (19)
7 (2 - . .
MY + K -V t; 0
If one wishes to use the original matrices, one can instead solve the modified system
IngT T T gl

Ci 0 0 j2% 0

where C; is the matrix with respect to the standard nodal basis which constrains the respec-
tive function to be in W; A, and set VX) = (I(AZ) ]O)T;lvi.
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Realization of St Computing va = St ga is equivalent to solving

<£TAA SSAHH)(Zﬁ>:<gOA)- (4.21)

We use the block factorization

Sa Sam \ ' _ (Ia —Sx'Sanm \ [ Sx' 0 Ia 0 ) o)
Sna  Su N 0 In 0 Syt ~SuaSxt In ) T
with B
St := Si — SnaSx ' Sarn -

Let SHH denote the matrix representing SH with respect to the new basis. We first describe
how to assemble SHH from local contributions S%h For each FEM subdomain €;, we find
that
S = R KILRI] R,

i.e., the entries can be obtained by solving one Dirichlet problem for each local primal DOF,
cf. (4.17). For a BEM subdomain the corresponding entries can be obtained using the identity
Stin = Di + (M7 + K1) v { (3M +KfY) - 3ME + KY) [SLA] 'S}
from which we see that the action can be performed solving two systems with the single
layer potential, and one saddle point system of the form (4.19) or (4.20). As soon as the
matrix St has been assembled, its factorization can be performed and stored. Under the
condition that the number of local primal DOFs is uniformly bounded, it can be shown that
the matrix Sy is sparse, as the coarse matrix G’ Q G occurring in the one-level methods.
We will return to that issue in Section 4.3.3. B

Lookmg back to (4 22) we see that the application of S~! reduces essentially to applica-
tions of S’ A and S . Further simplifications by exploiting the Schur complement structure
are poss1ble for FETI methods see RHEINBACH [154].

Representation of d = S *1]7. Instead of formlng and factorizing a matrix representing Si
to obtain f according to (4.5), we find that va = S™!f is equivalent to solving

Sa SAH><UA> (fA)
= , 4.23
( Sna  Sn urp Ji (423)
i.e., we can use the block factorization from above.

Computing u from X. The realizations of F, M~!, and d are now clear. Let A denote the
solution to (4.7) after the PCG iteration has been stopped. The solution u we are looking for
is then obtained as follows. We solve (4.23) replacing fa by fa — BZ)\ and set u = < ZA )
Il

For the FEM subdomains, the interior values ugi) are provided as a byproduct, for details
see RHEINBACH [154].

In order to obtain an efficient algorithm, all the BEM matrices need to be approximated
by data-sparse matrices, and all corresponding BEM systems need to be efficiently solved,
e.g., using H-LU factorization, cf. BEBENDORF [7, 8].
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4.3.3 Comparison of dual-primal and one-level methods
4.3.3.1 The bounded case

A fine comparison of FETI-DP and the standard one-level FETI methods can be found in
ToOSELLI AND WIDLUND [184, Sect. 6.4.1]. In the following, we compare the dual primal
methods to the one-level methods, including the all-floating methods.

e Dual-primal algorithms do not require the characterization of the kernels of the Steklov-
Poincaré operators in practice. All-floating methods need such a characterization but
without incorporation of (possibly complicated) boundary conditions.

e In three dimensions, the dual-primal methods require the handling of edge and possibly
face constraints via a change of basis, which is not needed at all in case of the one-level
methods. In order to be competitive with the one-level methods in view of the size of
the coarse problem, dual-primal methods require a careful choice of the primal DOFs,
such as Algorithm D.

e The same dual-primal algorithms and codes can be applied to problems with and
without non-trivial local kernels, e.g., differential operators with zero-order terms.
According to Remark 3.22, in such cases, one-level methods need a non-trivial adaption.

e Dual-primal methods do not require the construction of a scaling matrix ¢ which
appears in the coarse solver of one-level methods. The dual-primal coarse solver is
determined just by the FEM or BEM system matrices and the primal DOFs.

e As a possible drawback of one-level methods, the initial guess Ao of the underlying
projected PCG methods needs to be fixed somehow, since the condition Gy = e
must hold. This initial guess can however be far away from the solution A. In contrast,
an arbitrary initial guess Ay can be employed for dual-primal methods.

4.3.3.2 The unbounded case

We have seen that the coarse space of dual-primal methods for unbounded domains is more
powerful than that of the one-level methods. However, this goes along with a possibly high
computational cost. If the number of primal DOFs ny g on 0§} stays small, the algorithm
will work fine. If ny o grows, however, alone the assembling of the coarse matrix representing
§H involves at least n o solves of the single layer potential on 9€)y. Note that even for the
carefully selecting Algorithm D, nyy ¢ is at least as big as the number of faces on 0. In
other words, a large number nyy o goes along with a large number of neighbors of 0€). This,
in turn, implies that the coarse matrix §H loses its sparsity. It might be that this problem
can be solved using an H-matrix approximation of Si. Note that such a fill-in phenomenon
cannot happen in case of the one-level methods, since the Steklov-Poincaré operator Sy does
not at all contribute to the coarse matrix G'@Q G. When being parallelized, both the one-
level and the dual-primal methods can suffer from the lack of load balancing if the number
of DOFs on 0€) is large. The buffer strategy outlined in Section 3.6 can be used to cope
with this problem. To summarize, the one-level method can be used unless the predicted
condition number due to Theorem 3.20, Theorem 3.15 is getting very large, either because
of a relatively small coefficient ag or a relatively small shape parameter n. In such cases, the
dual-primal method might be of greater advantage.



Chapter 5

Multiscale coefficients

In this chapter, we would like to discuss FETI methods for problems with highly hetero-
geneous (multiscale) coefficients, i.e., coefficients which do not only jump across material
interfaces resolved by the subdomain partitioning, but which can have large jumps or large
variation on the fine scale.

To the best of our knowledge, all the present analyses of FETT methods assume that the
coefficient « is piecewise constant with respect to the subdomain partitioning (or at least
only moderately varying in each subdomain). It has already been observed numerically by
several authors (see KLAWONN AND RHEINBACH [107], LANGER AND PECHSTEIN [116], and
RIXEN AND FARHAT [155, 156]) that a simple generalization of the scaling employed by
KLAWONN AND WIDLUND [109] (cf. Section 2.2.1.3) leads to robustness of the FETI method
even in this case. However, a theoretical justification for this kind of robustness has been
still lacking. In this chapter we give an analysis which was first published in PECHSTEIN AND
SCHEICHL [147]. It shows that the condition number of the preconditioned system depends
only on the variation of the coefficient in the vicinity of the subdomain interfaces. More
precisely, if we fix a boundary layer of width 7 in each subdomain such that o(z) < Gy, a(y)
for all z, y in each subdomain boundary layer, the condition number bound reads C,, (H/ n)2.
Under stronger assumptions, the quadratic dependence on H/n can be relaxed to a linear one.
Our result is a generalization of that by KLAWONN AND WIDLUND [109] (cf. Theorem 2.28)
and it shows that FETI methods can still be very robust if the coefficient varies a lot in the
interior of each subdomain. The same statement holds for FETI-DP methods.

Our theoretical findings for the one-level methods are confirmed in numerical experi-
ments. These also show that our bound is not always sharp when the coefficient varies
strongly near subdomain interfaces. In practice FETI methods often seem to be robust even
in this case, in particular when the variation along the interface is smooth or when the coef-
ficient jumps only in a few places. The analysis in this case is much harder and will be the
focus of future investigations.

In Section 5.1 we briefly discuss the multiscale elliptic model problem. Section 5.2 em-
braces the formulation of one-level FETI methods for this problem, where we adapt and
generalize the one-level methods from Chapter 2. The main robustness results are contained
in Section 5.3. The proof of these results is given in Section 5.4, where we also introduce
some technical tools needed for the analysis, in particular generalized Poincaré, Friedrichs,
and discrete Sobolev type inequalities for boundary layers. Finally, we give numerical results
in Section 5.5.

137
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5.1 Problem formulation of multiscale elliptic PDEs

As discussed in the introduction, highly heterogeneous (multiscale) coefficients arise, e. g., in
the simulation of complicated layered media or heterogeneous (e.g., porous) media. Large
but smooth variation of coefficients can appear in the setting of nonlinear problems. In the
following we consider the scalar elliptic model problem

—div(aVu) = f inQ,

u =0 OHFD, (5 1)
ou
a— = gy only,

on

on a bounded domain  in R? or R? where I'p is a relatively closed part of 9§ of positive
surface measure and I'y = 9Q\I'p. For the sake of simplicity, we consider only homogeneous
Dirichlet boundary conditions on I'p, and we assume that gy € L?(I'y) and f € L%(Q).

Unlike in Chapter 2, the coefficient a(-) may vary over many orders of magnitude in
an unstructured way on 2. Concerning the discretization we consider a family of shape-
regular, geometrically conforming meshes 7" (Q) resolving I'p and I'y. We need the following
assumption on the regularity of the coefficient a(-).

Assumption 5.1. The coefficient a(-) is assumed to be in L>°(2), uniformly strictly positive,
and constant in the elements of the triangulation T"(Q).

Under this assumption, the bilinear form associated to (5.1) is elliptic on H} () and
bounded on H!(Q2) according to Lemma 1.15. Hence, Theorem 1.16 (Lax-Milgram) guaran-
tees the existence of a unique solution. The assumption that the coefficient is constant on
each element is not essential when working with linear finite elements, because

/Ta(af) Vu(z) - Vo(z)de = (/Ta(a:) dw) Vul; - Vol , Yu, v € Py(1), V1 € T"(Q),

cf. GRAHAM, LECHNER, AND SCHEICHL [75].
The discrete variational problem reads: Find uj, € VA() such that

/ aVuy, - Vopdr = / fopdx +/ gN v ds Yoy, € Vlf)L(Q), (5.2)
Q Q I'n

where V*(Q), V2A(Q) are defined according to (1.5.2). The global system of finite element
equations reads

Ku = f. (5.3)

It is easily shown that the condition number x(K) fulfills the bound

~ oz
k(K) < C sup oz) h2, (5.4)
z,yeN a(y)
for the case of a globally quasi-uniform mesh. As outlined before we are interested in iterative
solvers which are not only robust with respect to the factor =2, but also with respect to
the coefficient variation.
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5.2 Formulation of FETI methods for multiscale PDEs

First we briefly recall some of the notations and assumptions from Chapter 2. Let {€;};er
be a shape-regular subdomain partition of Q, and let the global mesh 7"(Q) be chosen such
that it resolves the subdomain interfaces. For each subdomain €2;, the restriction 7"(£);)
of T"(Q) to Q; is assumed to be quasi-uniform with mesh size h;. In particular, we have
H; ~ H; and h; ~ h; for neighboring subdomains €2;, €2;. As in previous sections we assume
that the boundary parts I'p and I' 5y are unions of faces, edges, and vertices of the subdomain
partition, cf. Assumption 2.25.

In principle, the derivation of standard one-level and all-floating methods for problem
(5.1) is performed analogously to Chapter 2, where we carefully generalize for the case of
the non-constant coefficients. Note that for the standard one-level formulation we need
Assumption 2.26, which states that in three dimensions, 9€); NI'p is either empty or at least
an edge. We define the local spaces

W) == VE(Q), Wi := VL) for a standard one-level method,
(5.5)
Wh(Qy) == V"), W;:=V"dQ;) for an all-floating method,

and the product space W := [[,.; W;. On each subdomain €;, let K@ and £ denote the
stiffness matrix and the load vector with respect to the space Wh(Ql) By S; : W; — W and
fi € W we denote the discrete Steklov-Poincaré operator and the discrete Newton potential
which correspond to the matrix/vector representations

S, Ky K IR, N0 = ) 3G K

respectively, where the subscript I indicates interior DOFs, and the subscript B indicates
the (free) DOFs associated to nodes on 9QF. Apparently, ker S; = {1s0,} in case of the
all-floating formulation, and otherwise, ker S; = {0} if and only if 9Q; NT'p # (). Finally, we
set S :=diag(S;) : W — W* and f := [fi]iez.

Analogously to Chapter 2 we introduce suitable jump operators B; : W; — U* and
B : W — U* with the Lagrange multiplier space U, the (pseudo)inverses SZT W — Wy,
St = diag (SlT ), the operators R; with range R; = ker S; and R : Z — W defined according
to (2.36)(2.37), G = B R, and the projection P = I — QG (GTQG)"'G" where the SPD
operator Q : U* — U is yet to be specified. With F = BST BT and d = B S'f, we obtain
the equation

P'FX = PT(d—FX) VeV, (5.6)
where \g = QG (GTQG) 'R fand V={\cU:(BT)\ 2) =0 Vz¢€ kerS}.

Remark 5.2. (i) In case of the all-floating formulation for non-homogeneous Dirichlet
problems we have to use d = B STf — b where b € U* contains the Dirichlet values, cf.
Section 2.2.2.

(ii) If we view the operators B; as mappings from W"(€;) to U* and let f; € W"(Q)*
correspond to the load vectors £, we can equivalently use

F=YBKIB', 4= BKf,
i€ 1€L
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where on the floating subdomains, the pseudoinverse K;f C Wh(Q)* — WH(Q;) can
be realized using a suitable regularization of the stiffness matrix K(®, see also Sec-
tion 1.5.2. With A = Ao+ A and with R; mapping to the constant functions in W"(Q;),
the solution u to the original problem is given by

ui=K(fi— BIN) + R (GTQG)'GTQ(FA—d).

5.2.1 Different scaling operators and preconditioners

In Chapter 2 we have used the constant values o; = a|q, = const in the scaling matrices D;
and Q). However, the entries of D; and () are associated to entries of Lagrange multipliers
and therefore to nodes z. In order to generalize such scalings for multiscale coefficients we
can either use

(i) constant values, such as the upper and lower bound of a(-) on each subdomain,
(ii) some nodal evaluations of the varying coefficient a(-), or

(iii) some evaluations of the coefficient on a part of the subdomain (such as maximum,
minimum, or average).

Ad (i). Assumption 5.1 allows to define

Q; = max o, ;= min o« > 0. 5.7
% reTh(O) |7 ) reTh(Qy) |7 ( )

Ad (ii). We define for each node 2" € 9Q% the open nodal subdomain patch w'(z") C Q; by
the relation

wi(zh) = U{?:TETh(Qi), z" €T}, (5.8)

i.e., the patch of elements in Q; around z” (cf. Figure 5.1, left). Using these patches, we can
define the following nodal evaluations of «,

amax zh =  max oy
(%) yew? (zh) )
~min,.h — i
oy (l’ ) = yer:;lil(rgljh) Oé(y) for xh c 89?’ (59)
1
a;nean(xh) = _ / a(y) dy
Wi (@)] i ()

Ad (iii). The following variant is mainly needed for theoretical purposes. Here, we reuse the
concept of a boundary layer introduced in Section 3.4.1, and we will use the maximum of
the coefficient on this boundary layer for scaling.

Definition 5.3 (Boundary layer). A subset Q; ., of Q; is called boundary layer of Q; with
parameter n; > 0 if it fulfills

Vo €y p, « dist (z, 0Q;) < 2m; and Vo € 0Q : By, NSYG C Qi

where By ,, is the open ball with center x and radius 1.
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Figure 5.1: Left: Subdomain node patches w'(z"), w*(y") corresponding to the nodes z"

and y", cf. (5.8). Right: Boundary layer ©; ,, of the subdomain Q;, cf. Definition 5.3.

For the rest of this chapter we assume that we have fixed parameters 7; and boundary
layers €2; ;. which are the union of elements of the triangulations 7 h(€y), cf. Figure 5.1,
right. We set

=i ._

al’ = wIEISl%};Z a(z), ol = :vé%iir,lni alz) > 0. (5.10)

Remark 5.4. It is important to note that the ratio @"/a]" neither depends on inter-
subdomain coefficient jumps nor on the values of «(-) in the interior regions €; \ €; ,,.
The coefficients «(-) may have arbitrary large jumps across the subdomain interfaces and
arbitrary but positive values in the subdomain interiors.

In order to define the scaling operators D; and @ we choose the functions a; € V"(9Q;)

from the set {av;, a;, aMax, qmin, gean, al, ol }, and define the weighted counting functions
~  h
% (xA) 5 for 2" € 8(2? ,
Si(ahy = { 2owen k(@) (5.11)
J
0 for 2 € T\ 90 .

We can now define D; : U* — U by

(D p)ij(ah) o= 81 (a") pij(a")  Vah €Tl

(D. ) (h — h Vel e 90 N T (5'12)
ip)ip(x") = pip(x") "€ dQ;Nlp,

for p € U*, where the second line has to be dropped in case of a standard one-level FETI
method. In three dimensions, the scaling operator @) : U* — U is defined by

(@ ,u)l-j(:vh) = min (&i(xh), &j(mh)) qij(a:h) ,uij(xh) for 2" € F% ,

(Q ,U)iD(.CL‘h) = az(xh) Qi(-fh) Hz’D(l’h) for 2 € 89;‘ T, (5.13)

for u € U*, where g;;(z"") and ¢;(z") are defined according to (2.56) and (2.77), and the
second line is dropped for standard one-level FETI methods.
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Note that we will use the parameters @.", ;" mostly for theoretical purposes. In practice

A" is a much more convenient choice. Nevertheless, if « is constant on each boundary layer,
we have

al = amx(zhy  val e ok,

The preconditioner finally reads

M~ = BpSBj, = Y D;iBiJw, Si Jw, B/ Di. (5.14)
€T
Remark 5.5. When substituting the coefficient @;(x") in (5.11) by the entry of the stiffness
matrix K& corresponding to the basis function cpg(;,z, the scaling operators D; are exactly
those proposed by RIXEN AND FARHAT [155, 156], known as superlumped smoothing.

As we know from Chapter 2, each step of the FETI PCG algorithm needs the solution
of a Dirichlet problem, a regularized Neumann problem, and the coarse problem given by
the operator G' Q G. In what follows, we assume that all these problems can be handled by
direct solvers, which means that their condition numbers (which will usually be large due to
the coefficient variation) do not affect the solves.

5.3 Robustness analysis

5.3.1 A straigtforward condition number bound

First, we would like to clarify the efficiency of the constant weights @;, «;, from which we
do not expect robustness in general. The following lemma (which can essentially be found
in LANGER AND PECHSTEIN [116, Proposition 2.2]) states that constant weights result in a
linear factor of the maximal subdomain variation in the condition number bound.

Lemma 5.6. Let a; = @; for all i € Z and let the operators D; and Q be defined according
to (5.11)~(5.13). Then the condition number k of the preconditioned FETI system (standard
one-level or all-floating) satisfies the bound

a(z) 2
< — 1+log(H;/h;
v < O{max max Z0s} max(l 4 log(H; /1))
with C' > 0 independent of H;, h;, a(-), and the number of subdomains. The statement
with some global exponent 5 € [0, 1].

remains valid if we choose 0; = af a;

Proof. A careful inspection of the analysis from Chapter 2 reveals that we only need to
bound |Pp(w + zy)|s in terms of |w|g for all w € W. Let S;, S; : W; — W} denote the
Steklov-Poincaré operators corresponding to the bilinear forms

a;(u, v) ::ai/ Vu-Vvdz, a;(u, v) ::ai/ Vu-Vvdz,
Ql‘ Qi

respectively, where u, v € W"(§;). Furthermore, we set S = diag (S;) and S = diag (S;). By
the minimizing property of the FEM Schur complement, cf. Lemma 1.32, we easily obtain
a.
|wl@Z < ’wl|§z < |U)Z|%Z = 071 |wl’éZ Yw; € W;.
=3
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We see that the weights in D; and @ are exactly those of the method from Chapter 2 for the
bilinear form @;(u, v). Reusing Lemma 2.27 we obtain
|Pp (w+20)[5 < |Pp(w+20)5 < max ¢ (1 +log(H;/hy) |wlk

3,
< C (1+log(H,/h; — |wl?
< max O (1+log(H;/hy) max == wls

for all w € W. The proof for the case § # 1 follows immediately, for details see [116]. O

5.3.2 New coefficient-robust condition number bounds

In this section we analyze the proposed FETI method with the weights @; = @’. We give a
condition number bound which is independent of the values of o in the interior €; \ €; ,, of
each subdomain €);, but which depends on the variation of «a in the boundary layers and on
the ratios H;/n;.

Assumption 5.7. For each i € T let €; ,, be a boundary layer with parameter n; > 0 such
that
al' < a(z) < al Vo ey,

2

and assume that n; ~ n; for neighboring subdomains §;, ;.

Before we state our main result, we need a few regularity assumptions on the subdomains
and the boundary layers.

Definition 5.8 (Regular domain). For d = 2 or 3, we call a domain D C R? regular if it is
bounded, contractible, and Lipschitz, and if it can be decomposed into a conforming coarse
mesh of shape-regular triangles (tetrahedra). Whenever considering a family of regular do-
mains, such as partitions into subdomains, we implicitly assume that the number of simplices
forming an individual subdomain is uniformly bounded.

Definition 5.9 (Shape parameter). We define the shape parameter of a regular domain D
by
p(D) = min p(T3),

where {T;}1<i<s are the simplices according to Definition 5.8 and p(T;) is the diameter of
the largest ball contained in T);.

As in Chapter 2 we assume that the subdomains are regular domains with
p(Qz) ~ H; and H, ~ Hj for 9€; N an 75 0.

cf. Assumption 2.1 and Assumption 2.23. The following assumption concerning the boundary
layers €); ,, is very similar to the partition property from Definition 3.13.

Assumption 5.10. Assume that for each i € I, the boundary layer €; ,, is a union of
elements of the triangulation T"(Q;) and that it can be covered by finitely many patches

{wj(.i)}jej(“ such that the following assumptions hold.

(i) The patches {wj(-i)}jej(i) form a family of reqular domains in the sense of Definition 5.8
(i)

with diam w; 2, such that the number of simplices per patch is uniformly bounded.
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(it) The patches have finite overlap, i. e., the number of patches sharing a point y € Q; y,
is uniformly bounded.

(iii) For each j € T the intersection 'yj(-i) = 8w](-i) N oK is the closure of a union of faces

(edges in two dimensions) of the simplices forming the patch. Furthermore in three

dimensions, for any edge &; of €);, the intersection &u](.i)

()
3

(iv) For two neighboring patches w](»i), w,(;)

N&; is a union of edges of the

simplices forming the patch w

that share at least a manifold of dimension d—1,

we assume that the compound patch w(l/,)€ defined by the union of wj(.i) and w,(:) 1s reqular

J
in the sense of Definition 5.8.

Remark 5.11. Note that Assumption 5.10 requires a covering only, whereas in Defini-
tion 3.13 we have assumed a non-overlapping partitioning into patches. Clearly, such a
non-overlapping partition is also a covering in the above sense, and if the simplices, which
the patches consist of, form a conforming coarse mesh of the boundary layer €2,, Part (iv)
of Assumption 5.10 is automatically fulfilled.

Theorem 5.12. For each i € I, let €); ., be a boundary layer with parameter n; satisfying
Assumption 5.7 and Assumption 5.10. Let a; = @.*, and let the operators D; and @Q be

defined according to (5.11)~(5.13). Then the standard one-level and the all-floating FETI
method with the preconditioner defined in (5.14) satisfy the condition number estimate

s al
k < C max (ﬂ) maXal (1+10g(Hz‘/hi))27

ke \ mp i€l a)

with the exponent § = 2. The constant C' is independent of the parameters H;, n;, h;, the
number of subdomains, and the values of the coefficient o(-). Under the stronger assumption

a(z) 2 o VeeQ;, Viel,

~

we have the improved estimate with 3 = 1, i. e., linear dependence on Hy/ny. These state-
ments hold in both two and three dimensions.

Proof. Postponed to Section 5.4. O

Remark 5.13. There are two special cases of Theorem 5.12 concerning the coefficient «
and the parameters 7;.

(i) For the case that «a(-) is piecewise constant in the subdomains, Theorem 5.12 reproduces
Theorem 2.28, in particular the known result by KLAWONN AND WIDLUND [109]. This
is because gf{" = afi = ;-

(ii) If the n; can be chosen with n; ~ H; and a(z) < C) a(y) for =, y € ; ,, for each i € Z,
then we obtain the condition number bound C), (1 + log(H/h))?, i.e., the method is
completely robust to possible coefficient variation in §2; \ € p,.

Remark 5.14. In the subsequent proof we will never use the values of the coefficient «(-)
in the subdomain interiors, i.e., any positive values in (0, co) are possible. It is therefore
interesting to consider also the following two limit cases which correspond to applying our
FETI methods to (homogeneous) problems on perforated domains (e. g., bubbly flow).



5.4. PROOF OF THE THEORETICAL RESULTS 145

(i) The case that the coefficient in the subdomain interiors goes to infinity corresponds to
Dirichlet boundary conditions on 9€; ;. \ 0€;, see e.g., AKSOYLU, GRAHAM, KLIE,
AND SCHEICHL [3]. We obtain the condition number bound as in Theorem 5.12 with

B=1.

(ii) The case that the coefficient vanishes completely in §2; \ €; ,, corresponds to Neumann
boundary conditions on 9€2; y, \ 9€;. Thus in this case we obtain the condition number
bound as in Theorem 5.12 with g = 2.

Remark 5.15. From the proof given in the subsequent section, it will become clear that
Theorem 5.12 holds true as well if subdomains where « is constant are treated with BEM.

Corollary 5.16. Let k denote the condition number of the preconditioned FETI-DP method
from Chapter 4 (Algorithm B or C) where the values @' are used in the scaling operators
D;, cf. (4.8). Then we have

8 a;’
x < C max (ﬂ) max L (1 + log(H; /h:))?,

- keZ \ mp el a

where 3 =2 in general, and 3 =1 if a(z) 2 o) for allz € Q; and i =T.

Proof. Postponed to Section 5.4.4. O

5.4 Proof of the theoretical results

Due to the discussion in Chapter 2 it is sufficient to show the bound

Hi\B al
|Pp(w+ 2)[2 < %13%(7:) max (1+log(Hi/h:)? [w|}  Vwe WL, (5.15)

in order to prove Theorem 5.12. In this chapter, we use the definition

Wi .= {w eW: | wiz)de=0 Vie Iﬁoat} : (5.16)

o0

which differs slightly form the one in Chapter 2, but which can be justified by modifying the
proof of Lemma 2.41 accordingly. The spaces W; can be interpreted as spaces of discrete
a-harmonic functions, since

|v[%Z = min {/ | Vo2 de T e V), Vjaq, = v} Yo e W;. (5.17)
Q;

Note that for a non-floating subdomain, W; is a genuine subspace of V*(99;). Using the
above formula, however, we can extend the definition of |-|s, to the entire space V(9€;). The
function H{'v for which the minimum is attained is called the discrete a-harmonic extension
of v from V"(9%;) to V(). For convenience, we also define the discrete trace seminorm

2 . ~12 ~ h ~ h
v := min Vol“dx : v e V'), Ujgq, = v for v e V*(08;), (5.18
o822y = min { [ 197 (), Tion, = v} (09). (5.18)
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which coincides with |v[g; if a)o, = 1. The function H;v for which the minimum in (5.18) is
attained is the discrete harmonic extension of v from 9€; to €, cf. Definition 2.32. Recall
also the norm equivalence

1 1
|ulfr ;) + e [ull oy = lulfng, + . lull72 (90, - (5.19)

due to Theorem 1.7.
For the proof of (5.15) we will use two main tools which are interesting on their own. As
a first tool, in Section 5.4.1 we show an estimate of the form

e 1
ol S a7 {0 g, + o Ilo0y ) Vo€ VIO, (5:20)

which is proved using a cut-off function as in Lemma 3.16 and in the proof of Theorem 3.15(ii).
This result allows us (i) to remove the dependence on a(-) in the interior of the subdomain
completely, and (ii) to reuse the known FETI tools which are worked out with harmonic
extensions in the H'-seminorms, or equivalently in the H 2/ 2_seminorms. The price to pay
is a factor of 1/7; in front of the L2-term instead of 1/H; in the piecewise constant case, cf.
(5.19). This will lead to a factor H;/n; in the condition number estimate.

In the case where «(+) is completely arbitrary in the interior (in particular not bounded
from below by o), we need a second tool. We estimate the L?-term in (5.20) from above
by the H'-seminorm of v, but restricted to the boundary layer €% ;. That means, we need
Poincaré and Friedrichs type inequalities on boundary layer domains (which are topologically
non-trivial) with explicit information on the dependence of the Poincaré/Friedrichs constant
on the aspect ratio H;/n;. It turns out that the dependence is linear in H;/n; which leads
to the second factor in the condition number estimate. To get the exact dependence of
the constants, we need direct proofs of Friedrichs and Poincaré type inequalities for simple
domains, which can be found in the literature. However, we also need discrete estimates
similar to the ones in Lemma 2.33 and Lemma 2.34. We generalize an idea which can be
found, e. g., in ZHENG AND QI [194] to show all the needed inequalities in Section 5.4.2. The
proof of (5.15) is finally given in Section 5.4.3. The proof of Corollary 5.16 concerning the
FETI-DP method is briefly discussed in Section 5.4.4.

5.4.1 A cut-off result
Lemma 5.17. For all v € V*(98;) we have

. o [~ 1
i) Wk 5 @ {ln,,) o IoEeee) |
1
. 1
. 2 < = 2 22
i) Wl S A {Pn g + o0 ae0 )

where U is an arbitrary estension of v from V(98y) to V().

Proof. By slightly adjusting the proof of Lemma 3.16 we can find a discrete cut-off function
X € Vh(QZ) with

X(IB) S [0, 1] s X|891 = 17 XIQ’L\Q’L,W = 07 and HVXHLOO(QZ) S 7’]2_1 .
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Let v € V?(0Q;) be fixed and let ¥ € V(€;) denote an arbitrary extension of v from 9€;
to ;. Then, I"(xv) € V() is also an extension of v from 9€; to €;, and because of
the minimum property (5.17) we can bound the S;-energy norm of v by the a-weighted
H'-seminorm of I"(x ). Using the continuity of the nodal interpolator I we obtain

2
P < [ ol TODEIEd = [ a@)|vireoE][
OinQi\Qiyni
< [ avireoe]asa [ Pa@i)fe e

N

P { IVX 0 120 )+ X3y 1951220, )
~—_—— ~———
<n;? =1

As in the proof of TOSELLI AND WIDLUND [184, Lemma 3.10] we cover the boundary

layer €); . by regular patches {wj(-i)} jeg which satisfy the requirements stated in Assump-
tion 5.10. We have, trivially,

Lo
e, < X anww(z)) (5.22)
i jeg®
Due to Assumption 5.10, for each j the intersection awﬁ“
faces of the patch W with its diameter proportional to n;. Thus, we can apply a Friedrichs

J .
type inequality on each patch w(z)

> 2H [N DR (A u T oy ) (5.23)

jeET® JETW

N 0f); is a union of shape-regular

which yields

Since the patches have finite overlap, combining (5.21)—(5.23), we easily obtain (i). Choosing
v to be the discrete harmonic extension H;v, we also obtain estimate (ii). O

5.4.2 Generalized Poincaré, Friedrichs, and discrete Sobolev inequalities

First we consider three inequalities on the regular domain €2;. Let T be a relatively closed
part of 0€); with diameter H; and surface measure H id_l, such as a union of faces of €; (edges
in two dimensions). The Poincaré type inequality

1 1 2
e NulBaony S Tuli oy + HE 2(| |/ u(@)ds,) Ve H'(Q), (5.24)

can be derived from Theorem 1.7. An immediate consequence thereof is the Friedrichs type
inequality

1
T lulliz@0y S lultng,) — Yu€ H (), ug_,- (5.25)

For u € V"(€;), let ¢(u) denote the average of u over an edge (in three dimensions), or a
vertex evaluation on 0€2; (in two dimensions). The discrete Sobolev type inequality

1
AL (W20, S (L+log(Hi/hi) [ulfng, — Yue V"), (5.26)
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Figure 5.2: Left: Boundary layer €2, of diameter O(H) and width 1. Right: Sketch of
partitioning of €, into patches, cf. (5.27) and the path Pj, connecting the patches w; and
wg, cf. Definition 5.18.

can be derived from Theorem 1.7, Lemma 2.33, and Lemma 2.34. The left hand side may also
be replaced by |lu — C(u)H%Q(g.) for an edge &; in three dimensions, or by |ju — ((u)”%m(agi)
in two dimensions.

In this section, we provide generalizations of the above inequalities where we replace §2;
by the boundary layer €); ,,, and we make explicit the dependence of the respective constants
on the aspect ratio H;/n;. For the sake of simplicity we will occasionally drop the subdomain
indices 4 (in this subsection only) and thus work on a generic domain €2 with boundary 02
and diameter H, and with the boundary layer €2, with parameter 7).

5.4.2.1 Auxiliary results

The proofs of all our inequalities are based on the concept of a path through the patches due
to the partition from Assumption 5.10. Recall that we can cover the boundary layer €, by
finitely many patches

Epi={w, ..., ws}. (5.27)

The patches w; are regular in the sense of Definition 5.8, cf. Figure 5.2. They have uniform
diameter  and the intersection v; := dw; N 0N is a union of faces of w; with a diameter
proportional to 1. Due to the finite overlap assumption it is clear that there are at most

s = O((H/n)%1) such patches.

Definition 5.18. Let wj,w, € E,. We call Py, C )y, a path of length M connecting the
patches wj and wy, if it is a connected union of M patches from =2, such that w;, wi, C Pjy.

The following lemma is essential for the proofs of all the generalized inequalities that will
follow.

Lemma 5.19. Suppose Q@ C R%, d =2, 3. Let wj, wi € Ey and let Py, be a path of length
M connecting wj, w.

i/
nd J,

J

(i) Then

/ lu(z) — u(y)|? ds, dsy < M |u\12ql(ij) Yu € Hl(Qn).
Vi
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(it) Let d =2 and let x; € vj and x), € v, be two points on OSY. Then
u(ay) —u(ay)® S M (1+log(n/h) [ulzpp,) — Yue V().

(ii) Let d =3 and let e; C7¥; and e C7; be two edges on 0S2. Then

1
77/ / lu(z) — u(y)|* dsyds, < M (1+log(n/h)) |u|§{1(ij) Vu e V@),
EJ' €L
1
? /Y / |U(.’I)) - U(y)Isty dSz S M (1 + IOg(n/h)) ‘u’%'{l(pjk) Yu € Vh(Qn) .
J

Proof. Let j, k and the path Pj; be fixed. Without loss of generality, we assume that the
patches in =, and in the path P} are ordered in such a way that {w¢} << are exactly the
patches in Pj; and that Wy, W,y share at least a manifold of dimension d — 1 for j </ < k.
We define the average values
o 1

/u(nv)dsfC for j <(<k.
’72‘ Ye

Proof of Part (i): Let x € v; and y € 7. Using the Cauchy-Schwarz inequality in RY and
the fact that Pj; is a path of length M we obtain

2
u(e) —u(@)? = |[u(e) ] {Z 741 4 [t = uty)
(5.28)
S M{ru W [Z o =R e )
Since |7;| =~ |vk| ~ 7?1 we can conclude that
1
. / () — u(y)[? ds. ds, (5.29)
My S,
1 : = 1
< M{ () — T2 sy + 2 [Z it _u£+1‘2] 1 / i }
n Vi =5 m Jy,
Using a Poincaré type inequality on wy, cf. (5.24), we obtain
1 ) .
n . u(z) —a'Pds, < W%{l(w) , t=j, k.
For the terms n?=2 [’ —a‘*'|?, £ = j,...,k—1, we apply an argument similar to Lemma 1.13

(Bramble-Hilbert). Using that wy ¢4 is regular due to Assumption 5.10, we obtain by the
Cauchy-Schwarz inequality that

1 2
m@_ﬂ£+1’2 < (7 u(z) _ gttt dsm) < 771—01/ lu(z) _ﬂ£+1’2 ds,
Ye

|’V€’ Ye
nld/ ]u(x)—ﬂe+1]2dsx.
o]

Wy, 041

N
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On the regular domain wy ¢11 we can apply another Poincaré type inequality using the fact
that 7, is a union of edges (resp. faces) of wy ¢4 in two (resp. three) dimensions. This yields

1
d-2 1~ ¢ _y
n*? u” —u +1|2 S u-7 +1||%2(8wz,e+1) S |u|§f1(we,z+1) ) (5.30)

Since all the compound patches wy ¢41 have only finite overlap and their union forms the
path Pjj, we easily obtain the desired result (i) by combining (5.29) and (5.30).

Proof of Part (ii): Suppose Q C R2. Let T" (wj) be an auxiliary quasi-uniform mesh on w;
of mesh width h that coincides on «; with the original mesh 7"(Q). Note that Th (wj;) does
not have to coincide with 7"() on the rest of wj, i.e., the patches w; are allowed to cut
through triangles/tetrahedra in the original mesh 7"(2). Let Hg) denote the Scott-Zhang
quasi-interpolation operator on w; with respect to Th (wj) such that

(ng)u)m = Uy, Yu € Vh(cuj),
I w10y S Juli o)) Yu € H (w)),

cf. Lemma 1.28.

Assume that the patches in the path Pjj, are enumerated successively as before. In (5.28),
let © = 2; € v and y = 2, € . But now we estimate the first and last term in (5.28) using
the discrete Sobolev inequality from Lemma 2.33(ii) and the properties of the Scott-Zhang
operator outlined above. Then

u(z;) =@ + [@* —u(zp)]* S (1+log(n/h)) [‘Hg)u’zl(“’j) I, )uﬁp(wk)}
< (1+log(n/h)) [|“|%11(wj) + |“|§fl(wk)} :

The terms [a — @12 = n?=2 [a’ — w12 can be treated as before. Again because of the
finite overlap assumption this immediately proves (ii).

Proof of Part (iii): Suppose Q C R3. Let e; C 7, and e C 7, be two edges on 9 (with
lej| =~ |ex| ~n). It follows again from (5.28) that

1
[ )~ ut)? sy s,
/r] Ej €k
’ k—1
S M{/ IU(w)—ﬂdesﬁn[Zlﬂﬁ—ﬂﬁ“ﬂ +/ |U($)—Hk]2dsy}.
€j (=j ek

For the first and the last term we can use the discrete Sobolev inequality from Lemma 2.34(ii).
The remaining terms are treated as in (i). This finishes the proof of the first estimate in
(iii). The second estimate is shown analogously, but using the usual Poincaré inequality to
bound the term f%‘ lu(z) — ' |? ds.. O

Lemma 5.20. Let wj, wy € Z,. Then there exists a path Pj, connecting w; and wy, of length
M = O(H/n).

Proof. This follows directly from Assumption 5.10, in particular from the regularity of the
patches and from the finite overlap assumption. O

With Lemma 5.19 being proved we can state and prove the generalized inequalities.
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5.4.2.2 Generalized Poincaré and Friedrichs type inequalies

Lemma 5.21 (Generalized Poincaré type inequality). Let the boundary layer Q; ,, satisfy
Assumption 5.10 and let I' be either (a) an edge of Q; (in two dimensions), (b) a face of Q;
(in three dimensions), or (c) the entire boundary 0€); of ;. Then

1 H,

<

—u|? 2 HY? 1 d ? Vu € HY(Q; 5.31
H.HUHL2(8Q¢) ~ ‘u|H1(Qi,ni)+ i T [ u(z) dsg uwe H Q). (5.31)

i r
Before we give the proof, we state the following inequality which immediately follows
from Lemma 5.21.

Corollary 5.22 (generalized Friedrichs type inequality). Let the boundary layer §; p, satisfy
Assumption 5.10 and let I' C 0Q; be an edge of Q; (in two dimensions) or a face of Q; (in
three dimensions). Then

1

H;

i

<

H,H“H%aa@i) N !u\fql(gm) Vue H'(Qy,), ug=0. (5.32)

T

Proof of Lemma 5.21: Assume first that [ = 99. We start as in many direct proofs of
Poincaré’s inequality from the literature. For x, y € 02, we have

u(@)? +u(y)? — 2u(@)uly) = [ulz) —uy)]®. (5.33)

Integrating twice over 02 and using the patch covering/decomposition from (5.27) yields

26Qy/u(x)2 dsx—Q(/u(z) dsx>2 = // [u(x)_u(y)]stx ds,
Gle}

o0 00 00 (534>
w(x) —u 2dsgtdsy.
S-Z/w/v[() v)]

Using Lemma 5.19(i) we can bound each one of the double integrals on the right hand side
of (5.34) from above by n? M |u]§{1(P‘k), where P, is a path of length M connecting w; and
J

wg. Due to Lemma 5.20 we know that M < H/n, and so

S

>/

H S
5 [Yk [u(z) — u(y)]? ds, ds, < nd? Z |u\?{1(ij). (5.35)
k=1

k=1

Combining (5.34) and (5.35), and using the trivial bound ]u\%{l(ij) < ’uﬁfl(ﬁn) as well as
the fact that s = O((H/n)*1) we get

1, Hyd-1, 1 2
il < (= d
HHUHLQ((?Q) ~ <77) |u’H1(Qn)+H’aQ’</89u 5) d

which is the desired inequality (5.31) for d = 2, case (c).

In three dimensions this leads to the suboptimal quadratic factor (H/n)? in front of the
H'-seminorm. In order to get the linear factor H /7 in three dimensions we make use of an
overlap argument. In the following we restrict ourselves to the case that 2 is a tetrahedron.
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Figure 5.3: Left: Unfolding the boundary of a tetrahedron. Right: Sketch illustrating the
three-dimensional path algorithm from the proof of Lemma 5.21.

It is straightforward to generalize the arguments to more general regular domains. We
cover the boundary 0Q by faces of the patches w; and unfold and flatten the boundary,
essentially as depicted in Figure 5.3. We introduce two main directions (cf. Figure 5.3) and
local coordinates j = (j1, j2) for each of the patches w;. We create a special path Pj; by
starting from wj;: first running through patches in the first direction from j; to k1 keeping
the second coordinate jo fixed, then through patches in the second direction from js to ko
keeping the first coordinate k1 fixed, see Figure 5.3. We denote the two parts of Pj; by P(l)

and P(k), respectively. To improve our bound on the right hand side of (5.35) we now ﬁX b
and k = (k1, k2). Then, because of the finite overlap of the patches wy, we have

Z’u‘Hl P(l)) N ’u‘Hl Q"I)
J2

Since the remaining indices j; and k = (k1, k2) can take O((H/n)?3) possible different values,

we conclude that
EZHmﬂUN(;)wm@y
7,k=1

HN3 o
Zﬂ%ﬁw)w(;)wm@y

7,k=1

Similarly, we obtain

Now combining this with (5.34) and (5.35) and using the fact that Pj, = Pj(;) U Pj(,?), we get
(5.31) for d = 3, case (c).
Cases (a) and (b) are treated as follows. For [zuds = 0 we obtain

|09 /u ds + |F|/ u® ds / / dsxdsy
o0

from (5.33) by integration. With the arguments from before this implies

1 2 H 2
I ullz200) < P uli(q,) -
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For a general function u, the desired inequality follows immediately by a quotient argument
using the mean value |['|~* Jruds. O
5.4.2.3 Generalized discrete Sobolev type inequalities

Lemma 5.23 (generalized discrete Sobolev type inequalities). Let the boundary layer §; p,
fulfill Assumption 5.10 and suppose u € Vh(QZ-mi).

(i) Let Q; C R? and let ((u) be (a) a nodal evaluation of u in 98, (b) the average value
of u over an edge & of Q;, or (¢) the average of u over the entire boundary 02;. Then

H;
o= ClEony < 3 (141085 ) lulinga, (5.36)
1 H;
e = ClEn, S (14108 3) [ubiga, , - (5.37)

(ii) Let Q; C R3 and let ((u) be the average value of u over (a) an edge & of Qi, (b) a
face Fij of 4, or (¢) all of 0%;. Then, for all edges &, of i,

H;
o= e,y 5 7 (1+log i) el (5.38)
1 ) H;
i _ <
i = C@)lany S (1+10gh>\u|H1(Qm) (5.39)

Proof. Part (i). Let d = 2 and let ((u) be a point evaluation at a point z; € 9§2. Then
z; € Ow; for some patch w;. Since u € V(Q;,.) C C(Q;,,) we can also find another
distinguished patch w; € =, and a point z; € w; where the L*-norm of v — ((u) is attained.
Thus it follows from Lemma 5.19(ii) that

H
llu — C(u)||%oo(8m = Ju(z;) —u(@)® < W (14 log(n/h)) |uﬁ{1(Pij) :

Since the path P;; is a subset of €2, this completes the proof of (5.36) for case (a), i.e.,
point evaluations. However, thanks to the continuity of u we can also find a distinguished
point x; € 0N such that {(u) = u(x;) in the remaining two cases (b) and (c), and so the
corresponding estimates follows immediately. Due to |09;| ~ H;, (5.37) is also immediate
from (5.36).

Part (ii). In three dimensions, we restrict ourselves to the proof of (5.38) in the case of face
averages, i.e., we prove

H
lu =Sz S 5 (A4 logn/m) lulina,)

for the case that ((u) = ‘]_.‘ J7u(z)dsy, where F is a face of Q and £ is an edge of Q. The
proofs of the remaining cases are similar.
Firstly, we can cover the edge £ by Ng edges eq,...,en, of the patches {w;}, where

Ng < H/n. Similarly, the face F can be covered by Nz sets v1,. .., vn, where ; := Ow; N0
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as before and Nz < (H/n)?. Hence, using Lemma 5.19(iii) we obtain

lu= @l = [ o) -z [twyas| as, = [ ‘m / s, ds.

Neg Ng

< u(x) — uly)|® ds, dsy < / —u(y)® ds, ds,
7 o ) =, ,ﬂZZ () ds,
1 Neg Ngp
S T 2 2 Mk (L Tog(n/1) [l )
k=1 j=1

where the path Pj of length Mj, < H/n is chosen as in the proof of Lemma 5.21. Now
using the same arguments as in that proof we obtain the desired estimate. O

Remark 5.24. For 7; chosen such that Q; ,, = €, i.e., H;/n; ~ 1, Lemma 5.21, Corol-
lary 5.22, and Lemma 5.23 reproduce the known Poincaré, Friedrichs, and discrete Sobolev
type inequalities, cf. (5.24)—(5.26), and the inequalities in Lemma 2.33 and Lemma 2.34, see
also TOSELLI AND WIDLUND [184, Sect. A.4, Lemma 4.15, Lemma 4.16, and Lemma 4.21].

5.4.3 Proof of the Pp-estimate (5.15)

We only give a detailed proof for the three-dimensional case. We have to show that

="

H\B a;
P 5 {max(17)
|Pp (w+ zw)|g S max 0 %%Xa

L (l—i—log(Hi/hi))z}\w\?g Vwe W, (5.40)

with 8 = 2 in general and 8 = 1 if a(z) 2 o for all z € Q; and for all i € Z. As in

~

Chapter 2, we split the left hand side into two parts
|Pp (w+z0)[§ S |Ppwl§+ |Pp 2l

and treat them separately.

5.4.3.1 Estimating |Pp w|s
We prove that for all w € W+,

Hj\B )
Ppwl% = Ppw)i|% < =LY L (1 4+ log(H; /hi))? % . (5.41
|Ppwls ;( D W);l3, 1?;13%{(%) Q;,J( og(Hj/hj)) };\w 5. (5.41)

By Lemma 5.17(ii), the characterization of Pp w in Lemma 2.16, and the partition of unity
on 0€2; provided by the cut-off functions 6y, from Definition 2.30, we obtain

—; 1
(Pow)il?, S a?’{\(PDw)i’iIi/z(mi)+EH(PDU’)¢H%2(39-)}
S D> A {1 On s — ), 12000, *nfh( 1 (wi = wi)Bagon, b +
XiCFjGNXi
. 1
DI (O AV E|uh<exiwz->ui2m)}, (5.42)
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where the last line can be dropped in the standard one-level formulation. The next steps are
almost analogous to the proof of Lemma 2.42. Using the fact that ES\JT() is constant on edges
and faces, as well as the elementary inequality

al' pl(@)? < min@,ay), (5.43)

cf. inequality (2.100), we can show that

(Powlly $ 30 30 @ {100, + o 17O E2ay
XiCFjENXV (5 44)
1 .
+ |Ih 0/\’ Wy ‘ /2 + — ||Ih(9sz’L)H%2 o) [
X%;D{ 00 K ( l)}

Using Lemma 2.34(iii) and the fact that ||Ih((9/yiwj)HL2(an) S llwjllz2aq;), the contribution
from w; on a face F; can (up to a constant) be estimated by

o 1 _
a;’ (14 log(H;/hy))? {|Wj|2i/z(aﬂj) o lwj — wjl!%aaﬂj)} + 55
5.45

J— j 1 1
+ a;“{(l +log(H;/h; )) ||wJHL2 o9, T m ij”%?(aﬂj)} ’
j

J

with w; = Q|1 fQj wj dx. Here, we have used the same trick as in the proof of Lemma 2.42

(see the paragraph entitled standard one-level method) in order not to get a quadratic factor
(1 +log(H,/hj))? in front of the term Hwﬂ'”%Q(an)'
By Lemma 2.34(i), the contribution of w; on an edge &; is bounded by

_ 1
A {wiliagey + - IwilEaon, | (5.46)
J

This bound also holds for the contribution of w; on a vertex V; which is the endpoint of &;,
cf. estimate (2.96). In order to complete the proof of (5.41) we need to bound

2 —|2 2 2
|wj‘H,§/2(an)’ lwj = Wil 7200,y 1willz2an,), and  [wjllz2e) (5.47)

in terms of |w;|? 5,- To this end, recall that the discrete a-harmonic extension H7 (w; —wj)
of wj —w;j from 6(2 to €); satisfies

| a@ v —wp@Pde = oy —wl, = sl (5.48)
Firstly, applying Lemma 5.17(i) with coefficient o/ =1 (to bound |w; —Ej]ilw(aﬂ )) we can
h J
conclude that
0y = 105 = Tl ) S 05— B, )+ -l — w13
Wilkir2oa,) = Wi = Wil ~ W = Wil @;.,,) 77j W5 = Willr2(a0;) -

(5.49)



156 CHAPTER 5. MULTISCALE COEFFICIENTS

Secondly, applying Lemma 5.21 (the generalized Poincaré inequality) to u = Ha( — ;)
yields

2
[[w; _@jH%%an) S 77] (M5 (w; _@j)@ﬂ(nmj) ) (5.50)
J

which is at the same time a bound for the second term in (5.47). For any of the formulations
(standard one-level or all-floating), the function w; vanishes either at least on an edge, or
its mean value over 9Q; is zero, see the definition (5.16) of W+. Using the discrete Sobolev
type inequalities from (5.23) we obtain the following bound for the two remaining terms in
(5.47)

7 1alany + sl S 52 1+ logtn /b)) PG wsfin, ) (55)
Combining (5.44)—(5.46), (5.48)—(5.51), and using that
Hj>mn;, and  [H§(wj —@0))laye,,) = Hjwilm e,
we obtain

Pownlz s Y Y ( j) (1+1og(H, /1))@ [HSwylinga, - (5:52)

X;CIUl'p jeNx,

Due to the definition of the discrete a-harmonic extension,

—Nj
a.
—Nj 2 _ J 5 2
Oéj] |quwj|H1(Qj,nj) = W /Q ij ’V'H?wﬂ dzr
—J 2,Mj
o 2 . (5.53)
<% / o(a) IV (HGw) @) do = g3,
Qj Q; 7)

Combining (5.52) and (5.53), and using that each subdomain has a finite number of neigh-
bors, we obtain the desired inequality (5.41) with § = 2.

Under the additional assumption that a(z) 2 g?j for all x € Q;, we can estimate the
terms in (5.47) more directly:

|wj|H}1L/2(8QZ‘) S |H?wj|?ql(gj) by identity (5.18),
lwj — @j”?ﬂ(agj) S Hj ’H?wj’zl(gj) by Theorem 1.7, (5.54)
||wj||%2(a§zj) S Hj(1+log(Hj/hy)) |H§~"wj|fg1(ﬂj) by Lemma 2.38,
”ij%%gj) S (1+1log(Hj/hy)) ‘H?wj‘?'{l(ﬂj) by Lemma 2.34.

Using these bounds instead of (5.49)—(5.51), we obtain

(Pow)ily, S Y Z 2 (1 + log( j/hj))Qa?j!H?wj!?{mj,nj)-
X;CTUlp jENx,

Combining this with (5.53) we get (5.41) with g = 1. O
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5.4.3.2 Estimating |Pp zy|s
We prove that for all w € W+,

, Ho\ 5 am‘
Z |(Ppzw)il* < {max (—) Inax— (1+1log(H;/hj)) } Z |w1|5 , (5.55)

kel =
el "Ik J O‘J €T

where z,, is the unique element in ker S associated with w from Lemma 2.22. Again, we
restrict ourselves to the more interesting three-dimensional case. Throughout the proof we
denote the (constant) components of z,, by z;.

Note first that in the standard one-level formulation,

IBzullg = (Bzw, @Bzo) ~ > min@", @) Y  gjlan)lz—z[*.  (5.56)
{i,5:; 70} aherl,
In the all-floating formulation, we have to add
d>ooal Y aE@h P (5.57)
:0Q;NT p#£0 zhedQhnTp

to the right hand side of (5.56). Now we consider a fixed index ¢ and obtain by formula (5.42)
and the elementary inequality (5.43) that

(Ppzo)ils, S ) min(@), @ ){’Ihg&ﬂi[m oan T H[hex HLQ(OQZ-)} |2 — 2]
&i; CT
1
+ > a {|Ih9X K u 200 T ||Ih9«’\?¢|\%2(a§zi)} il (5.58)
X;cT'p R

where the last line is dropped in the standard one-level formulation. Using the estimates
(2.107) from page 82 as well as the trivial estimates

IHib7 7200, S Hi 1Hibe, 7200, < Hi, IHi0v 17200, S hi
a comparison with (5.56), (5.57), and (5.13) yields
Hy,
2 < Rk
Pozuft S (pax *) 1B 2ol (5.59)

By Lemma 2.22 and using the accordingly modified formula (2.109) from page 83, we
can conclude that

Ppzufs < (max %) >+ o /1) {77 il o0y + 3 s Bace, }-

kel My c
(5.60)

In order to bound the L?-terms of w; we use the same argument as in the proof of (5.41),
which finally yields the desired inequality (5.55),

ol £ (max ) Zam 1+ log(H; /hi)) [wil% (5.61)

Together with (5.41), this completes the proof of (5.15) for the case of three dimensions. [J

The above proof can easily be adapted to the two-dimensional case using in particular
Part (i) instead of Part (ii) in Lemma 5.23, i.e., the discrete Sobolev type inequalities for
the case of two dimensions.
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5.4.4 Proof of Corollary 5.16

A close inspection of the proof of Theorem 4.3 reveals that we can use the same tools from
the proof of Theorem 5.12 to obtain the estimate

Hk B o'l —
Pl < C (7) N1 4 log(Hi/h)? w2 Ywe W,
Pawls < Cmax (") max o (1+log(Hi/hi)) [wls Yu

which immediately implies the statement of Corollary 5.16.

5.5 Numerical results

In this section we first give two examples with so-called “island” coefficients that do not
vary in the vicinity of the interface, but have a jump or are even randomly distributed in
the subdomain interiors. We use these examples mainly to confirm our theoretical results.
In particular, we will see from the experiments that the factor H/n in our condition number
bound is sharp. However, we also study more complicated multiscale and nonlinear problems
where the coefficient varies also in the vicinity of the interface. We will see that our bounds
are sharp in these cases as well, and that the condition number does indeed grow with
@' /al. As a remedy we use the pointwise weights & in @ and D; (instead of @ on all
of 9€);). These are more natural and suitable for boundary layer variation and seem to lead
to an extremely robust method even in the case of very high variation near the interface. We
compare various weightings for the case of “edge islands” and finish the section with some
nonlinear magnetic field computations with huge variation. Note that such problems will be
treated in more detail in Chapter 6. All the experiments are two-dimensional although our
theory holds true as well in three dimensions.

Interior “island” coefficients

Example 5.1 We choose € to consist of 25 squares, with an island coefficient in the center
square, cf. Figure 5.4, left. Here, and in what follows, H denotes the subdomain width/height
and 7 denotes the distance of the material interface to the subdomain boundary. We set
the coefficient to 1 outside the shaded square and to a constant value aj inside. We impose
Dirichlet boundary conditions on the entire boundary 02 and choose a constant source f.

In Table 5.1 and Table 5.2 we display the required numbers of PCG iterations (to achieve
a relative residual reduction of 1078) and the condition numbers (estimated by the Lanczos
method) for the case of a; = 107 as well as a; = 107°. For comparison we have included also
the cases ay =1 (no jump) as well as n = 0 (jump aligned with the subdomain boundary).
Finally, Figure 5.5 shows various estimated condition numbers when keeping H/h = 512
constant, but varying H/n as well as the jump, i.e., the value of a;. From these figures we
see that the linear growth in H /7 is asymptotically sharp and that the case of a; < 1 = o
is indeed harder than ay > 1.
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I

=7
=1

Figure 5.4: Left: Coefficient distribution and subdomain partition in Example 5.1. Right:
Coefficient distribution (logarithmic scale) and subdomain partition in Example 5.2.

| £=4] 8 | 16 | 32 | 64 | 128 | 256 | 512
T =4 10010) [ 12(12) [ 14(13) | 15(14) | 16(15) | 17(17) | 18(18) [ 18(18)
8 - 13(12) | 14(14) | 15(15) | 16(16) | 17(17) | 18(19) | 18(18)
16 - — | 14(15) | 15(17) | 17(17) | 18(19) | 18(20) | 18(21)
32 - - — ] 16(19) | 17(19) | 19(20) | 19(22) | 19(21)
64 - - - — | 19(23) | 19(24) | 20(25) | 22(27)
128 - - - - — ] 24(30) | 23(30) | 25(31)
256 - - - - - — | 30(35) | 29(36)
512 - - - - - - - | 39(48)
n=0 [[ 10(9) [ 13(11) [ 14(11) | 15(13) | 15(13) [ 17(15) | 17(16) | 18(16)

ar=1 10 12 13 14 15 17 18 17

Table 5.1: Example 5.1: Number of CG iterations; island coefficient with a; = 1075, in
brackets: ay = 1075

| #=4 1] 8 | 16 | 32 | 6 | 128 | 256 | 512
T =41 24(24) [32(32) [ 43(43) | 54(55) | 6.8(6.8) 8.3( 8.3) 9 9(9.9) [ 11.7(11.7)
8 3.2(3.8) | 4.3(5.0) | 54(6.3) | 6.8(7.9) | 83(95) | 9.9(113) | 11.7(13.3)
16 - - 43(85) | 54(11.0) | 6.8(13.4) | 8.3(15.8) | 9.9(184) | 11.7(2L1)
32 - - - 5.5(20.7) | 6.8(24.8) | 8.3(29.0) | 9.9(33.3) | 11.7(37.8)
64 - - - - 87(47.8) | 9.4(55.6) | 10.4(63.5) | 11.9( 71.5)
128 - - - - - 15. 6(108 7) | 16.0(123.8) | 16.6(139.0)
256 - - - - 29.6(243.8) | 29.9(273.4)
512 - - - - - - - 57.7(540.7)
n=0 [ 24(24) [ 3.2(32) [ 43(43) [ 54(5.4) | 6.8(6.8) [ 8.2(8.3) 9.9(9.9) [ 11.7(11.7)

ar=1 2.4 3.2 4.3 5.4 6.8 8.3 9.9 1.7

Table 5.2: Example 5.1: Estimated condition numbers; island coefficient with oy = 1072, in

brackets: ay = 107°
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Figure 5.5: Example 5.1: Estimated condition numbers; H/h = 512, varying ratio H/n and
varying magnitude of the jump «aj. Left: ay > 1. Right: aj < 1.

Example 5.2 We investigate the behavior of our method in the case of more complexly
shaped island coefficients, as depicted in Figure 5.4, right, in order to rule out any symmetry
effects. Note that here we have interface jumps (across the interface between subdomains),
as well as strong variation in the subdomain interiors. The values in the interior islands are
randomly distributed (piecewise constant) such that log;q « is uniformly distributed in [0, 5]
or [—5, 0]. Again, n denotes the distance of the islands from the interface. In Table 5.3
and Table 5.4 we display again the required number of PCG iterations and the estimated
condition numbers. The results are similar to those for Example 5.1.

Using the coefficient distribution from Example 5.2 and setting n = 0, we get strong
coefficient variation along the subdomain boundaries over 5 orders of magnitude. Neverthe-
less, using & as the new weights in our method the results in Table 5.5 suggest that it is

almost coefficient robust even in this case.

| #=8] 16 | 32 | 64 | 128 | 256 | 512
=g 15(17) [ 17(19) [ 19(21) | 22(23) | 24(25) [ 26(27) [ 27(28)
16 — | 28(22) | 20(25) | 22(28) | 24(30) | 26(31) | 28(33)
32 - — | 22(29) | 24(31) | 26(34) | 28(37) | 30(40)
64 - - — | 27(36) | 28(39) | 29(41) | 31(44)
128 - - - — | 32(43) | 33(47) | 35(51)
256 - - - - ~ | 41(50) | 42(56)
512 - - - - - ~ | 53(58)

Table 5.3: Example 5.2: Number of CG iterations; island coefficient with o € [1, 1073], in
brackets: o € [107?, 1], randomly distributed.
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| #=8 1] 16 [ 32 | 64 | 128 | 256 | 512
T=8138(48) [47(63) | 58(80) [ 6.9(9.8) [ 83(11.6) [ 9.7(13.6) [ 11.3(15.7)
16 - 58(9.9) | 6.7(13.0) | 7.7(15.7) | 8.9(18.8) | 10.3(22.0) | 11.8( 25.3)
32 - - 9.6(19.5) | 10.4( 23.9) | 11.4( 29.5) | 12.4( 35.0) | 13.7( 40.3)
64 - - - 16.9( 33.9) | 17.7(43.0) | 18.5( 51.6) | 19.4( 60.1)
128 - - - - 31.0( 58.1) | 31.8( 69.5) | 32.6( 81.6)
256 - - - - - 58.0( 86.3) | 58.8(101.8)
512 - - - - - - 107.7( 122.1)

Table 5.4: Example 5.2:
in brackets: oy € [1075,

| £=8] 16 | 32 | 64 | 128 | 256 | 512

ar € [1,10™] it 16 19 25 27 | 31 40 52
cond 4.1 52 | 29.1 | 124 | 22.5 | 345 | 66.4

ar €[107°,1] it 32 36 | 42 | 44 53 70 86
cond || 2055 | 59.3 | 57.9 | 58.9 | 99.1 | 118.8 | 218.3

Estimated condition numbers; island coefficient with o € [1, 1077],
1], randomly distributed.

Table 5.5: Example 5.2: Iteration counts and estimated condition numbers; random island

coefficient, n = 0.

“Edge” and “crosspoint” islands

Example 5.3 Here, we investigate the dependence of our method(s) on coefficient variation
near the interface. The coefficient distribution is depicted in Figure 5.6. As in Example 5.1
we have 25 subdomains with o = 1 everywhere except for the shaded regions. In the interior
island we choose a; = 107. In the edge islands the coefficients are as and a3, respectively,
which we will vary in the range of [1075, 107?]. Table 5.6 displays the iteration and condition
numbers for a fixed discretization with H/h = 64 and for three different weightings:

1. First we use the subdomain maximum @; (denoted maz). Here we get a very poor

behavior in the condition number (as expected).

. Then we use @, (denoted layer max), where n; is chosen such that the value a;
disappears from the weights. The behavior in this case (albeit slightly better than
for the first choice) confirms our theoretical results in Theorem 5.12; i.e., a linear
growth of the condition number with @’ /a;" but no dependence on jumps across the
subdomain interfaces. The iteration numbers do not seem to be affected as badly by the
size of the coefficient variation. This is due to clustering effects in the spectrum of the
preconditioned matrix, since we only introduce a small number of islands (cf. AKSOYLU,
GRAHAM, KLIE, AND SCHEICHL [3], GRAHAM AND HAGGER [72], XU AND ZHU [192]).

. Finally, using the pointwise weights &]"** (denoted pw maz) defined in (5.9) results in
a fully robust method with respect to any kind of variation of a9, as, and aj. This
is very encouraging, but unfortunately we cannot give a sound theoretical explanation
for that robustness in this thesis.
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Figure 5.6: Coefficient distribution in Example 5.3.

max layer max pw max max layer max pw max

a9 it cond it cond it | cond a9 it cond it cond it | cond
10°° [[ 61 | 1.0-10° || 56 | 2.5-10% |[ 19 | 6.34 1075 || 110 [ 1.0-10% || 25 | 3.2-10% || 20 | 6.34
10~% || 62 | 1.0-10* || 52 | 2.5-103 || 20 | 6.34 10=4 || 141 | 1.0-108 || 26 | 3.2-10% || 20 | 6.34
1073 || 56 | 1.0-10% || 44 | 2.5-10% || 21 | 6.34 1073 || 129 | 1.0-10% || 27 | 3.8-10 || 21 | 6.34
1072 || 44 | 1.0-10% || 30 | 2.6-10' || 21 | 6.34 10=2 || 100 | 1.0-10* || 27 | 1.6-10 || 21 | 6.34
10~ || 29 | 1.5-10 || 21 | 6.4-100 || 21 | 6.34 10~1 50 | 1.0-10% || 26 | 1.3-10' || 20 | 6.34

1 25 | 1.5-10% || 18 | 6.3-10° || 18 | 6.34 1 25 | 1.5-101 || 18 | 6.3-109 || 18 | 6.34
10+ | 30 | 1.6-10' || 26 | 1.3-10' || 21 | 6.37 10+1! 26 | 1.5-10 || 24 | 1.1-10 || 21 | 6.34
1072 || 47 | 1.0-10%2 || 36 | 2.6-10 || 21 | 6.78 1012 28 | 1.5-101 || 27 | 1.4-10t || 21 | 6.34
103 || 61 | 1.0-10% || 60 | 2.5-10% || 21 | 6.88 1013 28 | 3.8-10! || 27 | 3.8-10! || 21 | 6.34
10t || 76 | 1.0-10* || 74 | 2.5-10% || 21 | 6.89 1014 26 | 3.2-10% || 27 | 3.2-10% || 20 | 6.34
1015 || 86 | 1.0-10° || 88 | 2.5-10* || 21 | 6.89 1015 24 | 3.2-10% || 25 | 3.2-10% || 20 | 6.34

Table 5.6: Example 5.3 (with H/h = 64). Iteration numbers and estimated condition
numbers for different weightings: maz — global maximum over whole subdomain, layer max
— maximum over boundary layer (excluding a; = 10%7), pw maz — pointwise weights aa

defined in (5.9). Left: ag = ag. Right: as = (ag)™L.

Example 5.4 In this example we study the behavior of our FETI preconditioner with
the pointwise weights for an “edge” and a “crosspoint” island, see Figure 5.7. Here we
have chosen 4 x 4 subdomains. The coefficients a; = 1, ap = 10° are fixed but we vary
the characteristic distance n. Figure 5.8 shows the estimated condition numbers for various
discretizations (various levels of refined meshes) and different values of 7, varying from O(h)
to O(H). Again, these results are very encouraging. We conjecture the condition number
bound C (H/n)? (1 + log(H/h))?, with 8 = 1 for this two-dimensional setting. This would
be a generalization of Theorem 5.12. However, this issue should be the subject of future
investigations; see also PECHSTEIN AND SCHEICHL [148]. Note that numerical experiments
on a similar similar three-dimensional problem using FETI-DP methods with a-weighted
edge averages can be found in KLAWONN AND RHEINBACH [104].
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Figure 5.7: Example 5.4: Coefficient configurations. Left: “Edge” island. Right: “Cross-
point” island.
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Figure 5.8: Example 5.4: Condition numbers for various values of n and levels of refined
meshes (H/h = 2'). Left: “Edge” island. Right: “Crosspoint” island.

Nonlinear magnetic field computations

Example 5.5 We test two coefficient distributions coming from nonlinear magnetic field
computations, similar to the ones in LANGER AND PECHSTEIN [116]. In the computations
we use the piecewise weights a®* in (5.9). Figure 5.9 displays the coefficient distribution,
the subdomain partition, and the coefficient variation along one of the relevant subdomain
boundaries for two cases. In both cases the global coefficient variation in the nonlinear ma-
terial is approximately 7 - 103. However, in the first case we have a mild variation along
subdomain boundaries of magnitude ~ 10. In the second case the variation along the subdo-
main boundary is 7-103. For a fixed discretization with H/h = 128 the estimated condition
numbers are 8.5 and 13.7, respectively. The numbers of PCG iterations are 19 and 16. Since
the variation in the boundary layer is mild in the first case, the good behavior in this case
is explained by our theory. The robustness in the second case is more surprising. Note also
that in contrast to the usual suggestions in the literature it seems to be of benefit not to
resolve the material interfaces with the subdomain partition, but rather to put the areas of
largest coefficient variation into the center of the subdomains.
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Figure 5.9: Example 5.5. Left: Coefficient distribution and subdomain partition. Right:
Coefficient plotted along a subdomain boundary. Upper: Mild boundary layer variation.
Lower: Strong boundary layer variation.



Chapter 6

Applications to nonlinear magnetic
field problems

In this chapter we are treating nonlinear stationary magnetic field problems in two dimen-
sions. In Section 6.1 we describe our nonlinear model problem which can be derived from
Maxwell’s equations under suitable assumptions. We briefly discuss constitutive laws and
the approximation of the underlying B-H-curve. The variational formulation is similar to
the problems discussed in previous chapters, but now the coefficient depends nonlinearly on
the solution. We briefly discuss the existence of a unique solution and a Newton type method
in order to solve the nonlinear equation. Section 6.2 discusses FETI/BETI methods for the
solution of the linearized problems. Finally we provide numerical results in Section 6.3.

6.1 Problem formulation

In many industrial applications one is interested in direct electromagnetic field problems, e. g.,
in the simulation of electrical motors or electromagnetic valves. Under certain conditions, in
particular in the low frequency case, the stationary magnetic formulation has indeed some
relevance to such problems.

Starting from the full system of Maxwell’s equations (see, e. g., one of the monographs by
IpA AND BAsTOSs [92], KALTENBACHER [93], and MONK [136]) we can derive the stationary
magnetic equations

curlH = J (Ampere’s law), (6.1)
divB = 0 (Gauss’ law),
B = p(H) (constitutive law).

Here, H denotes the magnetic field intensity, J the current density, and B the magnetic flux
density, which are all vector fields mapping to R? and depending on the position « in space.
The magnetic permeability p is in general a nonlinear map. Usually, J and the permeability
are given (at least in form of some measurements), and one wishes to find B and H. Note
that from (6.1) we obtain the compatibility condition divJ = 0.

165
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Figure 6.1: Typical material curves for a ferromagnetic material. Left: B-H-curve. Right:
Permeability curve.

6.1.1 Constitutive laws

In what follows we do neither consider hysteresis, nor any material dependency on the
temperature (cf. [92, 93]), nor anisotropic materials. In that case, the magnetic permeability
p can be represented by means of a scalar function p depending only on |H| and the position
x in space such that

B = u(H|)H + By, (6.4)

where By is termed (permanent) magnetization or remanent flur density. We introduce a
derived quantity, the magnetic reluctivity v(|B|) = 1/u(|H|) such that

H = v(|B|)B - Hy, (6.5)

where Hy = v(|B|)B corresponds to the permanent magnetization.
Linear materials In vacuum (and also air) we have
po= po:=4m-107", v = 1pi=—. (6.6)

For other linear materials,

WS Hope, Vo= o (6.7)
T

with the constant relative permeability p, > 1.

Nonlinear materials If no permanent magnetization is present, we have in general a
nonlinear relation of the form

|B| = g(H]), (6.8)

with a bijective mapping g : [0, o0) — [0, 00) termed the B-H-curve, cf. Figure 6.1. Due to
the physical background the following assumptions hold.
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Assumption 6.1. Fvery B-H-curve g fulfills the following conditions:

(1) g is continuously differentiable on [0, c0),
(ii) 9(0) =0,
(iii) ¢'(s) > po for all s >0,
(iv) g'(s) = po for s — oo.

Part (iii) states that the amplification of |B| in case of vacuum is a lower bound for
general materials. Part (iv) states that for |H| — oo, the material gets saturated and its
behavior tends to that of vacuum. Such behavior is typical for ferromagnetic materials.

We will see in Section 6.1.6 that under Assumption 6.1 the functions pu and v are unique
and well-defined by

Permanent magnetic materials are modeled by relation (6.5), where in many cases
v(|B]) can be assumed constant.

6.1.2 Interface and boundary conditions

In general, v(|B|) depends also on the position « in space. In the following we assume that
there exists a partition of the computational domain € into finitely many subregions €2,
which we call materials, such that within a single material the function v is independent of
x. We write v, u;, and g; for the corresponding restrictions of v, p1, and the B-H-curve g to
€2;. Suitable boundary and interface conditions can be found, e.g., in KALTENBACHER [93],
MoNK [136]. In the following we assume that the boundary 0 is Lipschitz and consists
of only one connected component. Furthermore, let I'g and I'y be two disjoint parts that
together form 0f). We denote the material interface system by I' and choose n to be an
oriented unit normal vector to IQUT". Then, we impose the following boundary and interface
conditions,

B-n=0 onlg, (6.9)
Hxn=0 onlpg, (6.10)
[B-n]=0, [Hxn]=0, [J-n]=0 onT, (6.11)

where [-] indicates the jump across I'.

6.1.3 Vector potential formulation

Due to Gauss’ law for magnetism (6.2), the magnetic flux density B is solenoidal. Since
0) consists of only one connected component (cf. MONK [136]), we may introduce a vector
potential A, such that

curlA=B. (6.12)
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Using the constitutive law (6.5), the system (6.1)—(6.3) can be rewritten as
curl [v(|curl A|) curl A] = J + curl H. (6.13)

In order to make A unique one can use gauging conditions or other regularization techniques.
Often, the conditions on B in (6.9)—(6.11) are replaced by the stronger conditions

Axn=0 onlp and [Axn]=0 onl, (6.14)

in order to exclude surfaces flows in A, cf. KALTENBACHER [93], MONK [136].

6.1.4 Reduction to two dimensions

In the following we assume that the domain (2 is of the tensor-product structure {2 = Q x R,
withI'p =T'pxR, 'y = 'y xR, and I' = I'xR. Under the assumptions that B3 = 0, H3 = 0,
Hy3 =0, J1 = J2 = 0 (transverse magnetic mode), and that all fields are independent of
x3, equation (6.13) can be reduced to

O0Hp1 O0Hp,

8:62 8:61 ’

—div [v(|Vu|)Vu] = J3+ (6.15)
where u = Az. Since all the quantities are independent of x3 we can read (6.15) as an
equation in €. Note that here, the compatibility condition div J = 0 is fulfilled, and moreover
A =(0,0,u)" fulfills the Colomb gauge condition div A = 0. The original fields B and H
can be recovered by the relations

ou ou
% %
B = _87:;‘1 , H = 1/(|Vu’) —B—;Ll — H,. (616)
0 0

The boundary and interface conditions including (6.14) transform to

u =20 onlp, (6.17)
I/(‘VUDVUTL = H()’lng —H072n1 on FN, (6.18)
[u] = 0, [v(|Vu])Vu - n — Ho 1na + Hponi] = 0 onT. (6.19)

In the sequel we assume that I'p is of positive surface measure, and for simplicity we write (2
instead of 2. Using the above conditions, one derives the following variational formulation.
Find u € H(Q) := {v € H(Q) : vjr,, = 0} such that

/1/(|Vu|)Vu-Vvd:E = (F,v)  Yve HpQ), (6.20)
Q
with the linear form
<FU>_/JU—H ﬁ—i—H avdw—i—/ (Ho,1n2 — Ho,on1) vds (6.21)
U= 3 025 015~ . 0,112 0,211 - .

Note that this formulation can be treated in the framework of Theorem 1.17 (Zaranthonello)
because the underlying bi-form is linear in v. Clearly, under suitable assumptions, e.g.,
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Js € L?(Q) and Hy 1, Ho 2 piecewise smooth in L*(2) and L?(I'y), we have F € H}()*.
We define the operator A : H}(2) — HL(Q)* by

(A(u), vy = /QV(]VuDVu -Vudz for v € H5(Q). (6.22)

In the following section we show properties of A, in particular that A(u) is really in the dual
space H}(Q)*.

6.1.5 Existence and uniqueness of solutions
Assume that for each material €);, the underlying B-H-curve g; satisfies Assumption 6.1.
Then the following statements hold.
1. Each g; is strongly monotonically increasing with monotonicity constant po, i.e.,
(9j(s) —gj®) (s —t) > po(s —1t)* Vs, t > 0.
2. Since g; is continuous on [0, ), g;(s) > po, and gj(s) tends to ug as s — oo, we have
that g; € L>°(0, 00) and

0 < po < gi(s) < Lj:=supgj(s) < oo Vs >0.
s>0

Hence, the B-H-curve g; is Lipschitz continuous with Lipschitz constant L.
3. The inverse function gj_1 : [0, 00) — [0, 00) exists. It is strongly monotonically increas-

ing with monotonicity constant 1/L;, Lipschitz continuous with Lipschitz constant
vo = 1/po, and continuously differentiable where

1/L; < (g;l)'(s) < w Vs >0.

4. In case of By = Hy = 0, the magnetic permeability and reluctivity are given by

w) = 88 = 50

Vs > 0. (6.23)
The functions may be continuously extended to y;(0) = g;(0) and v;(0) = (g; )’ (0).
5. We have

o Lj Vs>0, ni(s) — o for s — oo,

1/L;

IN N

<
vi(s) < vy VYs>0, vj(s) = vy for s — oco.

6. The functions p; and v; are continuously differentiable on (0, 0o). If g7(0), or equally
(gj_l)”(O), exists, we have

1 1 95 (0)

B(0) = 36/0)  %(0) = 5(5;1)"(0) = -

In short, the functions gj_l(s) = v;j(s)s are strongly monotone and Lipschitz continuous,
and the functions v;(s) are uniformly bounded from above. Therefore, A(u) € H}(Q)* for
each u € HL(9). Using that min; 1/L; is bounded away from zero and 1y < oo, it can be
shown that A(-) is strongly monotone and Lipschitz continuous as well. Thus, Theorem 1.17
guarantees the existence of a unique solution to (6.20). For a detailed discussion we refer to
PECHSTEIN [142].
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6.1.6 Approximation of B-H-curves

In practice, B-H-curves are not available analytically, but must be approximated from mea-
surements. Let g = g; be one of the B-H-curves and let

(Hg, Br), k=0,...,N (6.24)

denote a set of measurements corresponding to absolute values |H| and |B| in the material
for different settings of the current density J. Here, Hy = By = 0. Our aim is to construct
an approximation ¢ to the unknown curve g. A possible way to achieve this goal is to use
spline interpolation. However, we can run into problems since

(i) the resulting curve must be monotonically increasing, and
(ii) measurement errors can lead to unphysical, oscillating approximations.
The measurement errors are modeled by the condition
lg(Hy) — Bi| < 0 Vk=0,...,N. (6.25)

Due to (i) we impose the conditions

0= Hy < HH < Hh < ... < Hy <0, (6.26)

0 =By < Bl < By < ...< By <o '
on the data. In view of Assumption 6.1(iii) we can additionally use

Hy, — Hy_4

— > (1- Vk=1,...,N 6.27

Bk_Bk—l - ( E) l’LO ) 9 9 ( )

for some tolerance parameter €, in order to check consistency of the data. A method of
monotonicity-preserving cubic spline interpolation has been introduced by FRITSCH AND
CARLSON [67] and was used by HEISE [84] to reconstruct B-H-curves. Concerning mea-
surement errors, one can approximate the data in the least square sense, minimizing the
error

> [G(Hy) — Bil*. (6.28)
k=0

Note that optionally, each term in the above sum can be weighted differently. It is well-known
that the cubic interpolating spline minimizes the linearized strain energy

Hy )
/ (§"(2))" da. (6.29)

Hy

Hence, one can add this energy as a regularization term to the cost functional (6.28), multi-
plied by a regularization parameter. The larger this parameter, the smoother the optimizing
function g will be. Therefore we call (6.29) a smoothing functional. Such an approach is
well described in the article by REINSCH [151]. The ideas of monotonicity preserving and
cubic smoothing spline approximation were used by REITZINGER, KALTENBACHER, AND
KALTENBACHER [152] to approximate B-H-curves. In that article, the authors obtain the
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Figure 6.2: Interproximation results for the data set Su7a2 (Courtesy of Robert Bosch
GmbH, Stuttgart). Left: Approximated B-H-curve and data. Right: Derivative of the
approximation, double-logarithmic scale.

regularization parameter iteratively according to the discrepancy principle. During this it-
eration, monotonicity is checked and the update for the regularization parameter can be
adjusted accordingly.

Two key problems of that approach are the following. First, the uniqueness of the solution
to the corresponding optimization problem is achieved only by imposing boundary conditions
on ¢'(Hp) and ¢'(Hy). However, the values of these boundary constraints (e.g., chosen as
the first difference quotient of the data points) have a non-negligible influence on the shape
of the curve. Second, the authors do not make clear if the method leads to a solution for any
data set in the sense that the error (6.28) is in the order of the noise level and the curve is
monotone. It is also not clear whether the choice of the boundary conditions can have bad
influence on the monotonicity.

This was the motivation to use an approach called interprozimation (cf. CHENG AND
BARSKY [32]) for the reconstruction of B-H-curves. In PECHSTEIN AND JUTTLER [146] we
minimize a smoothing functional similar to (6.29) under the side conditions of monotonicity
and the approximation conditions

|9(Hy) — Bg| < ¢é,  Vk=0,...,N,

for some constant c¢. In other words, we look for an approximation g such that the point-
wise error lies in the range of the assumed noise. This results in a quadratic programming
problem which can be solved using standard techniques. By using a special B-spline basis,
the monotonicity constraints can even be incorporated rather easily. As an advantage of
this approach, no artificial boundary conditions have to be used. Since typical B-H-curves
start with very steep gradients which get then more and more flat, cf. Figure 6.1(left), we
propose to use a data-dependent smoothing functional which introduces suitable weights to
the strain energy in each spline interval. In order to ensure a unique solution the smooth-
ing functional is regularized by some additional terms. The existence of solution is then
guaranteed automatically unless condition (6.26) is violated. For details see [146].

Another problem is the modeling of the behavior for |H| — oco. Suitable extrapolation
techniques are discussed, e.g., in HEISE [84] and REITZINGER ET AL. [152]. In PECHSTEIN
AND JUTTLER [146], we use a suitable nonlinear transformation from the infinite interval
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[Hy, 00) to a finite interval, so that we can incorporate the conditions at infinity simply as
boundary conditions.

The resulting B-H-curves are physically plausible and visually pleasing. Figure 6.2 shows
an approximation of a data sample. We mention that the underlying code was developed by
the author of this thesis, using a quadratic programming solver by Helmut Gfrerer (University
of Linz).

6.2 Newton-FETI/BETI methods

This section deals with the discretization and iterative solution of our nonlinear model prob-
lem (6.20) by means of Newton’s method and the FETI/BETI methods discussed in pre-
vious chapters. To this end we consider a shape-regular partitioning of €2 into subdomains
{Q;}iez. Here, we assume that the partitioning resolves the material interfaces, i.e., to each
subdomain ; we can associate a function v;(-) which is independent of the position z. If
Q; corresponds to a linear material (v; = const) with no permanent magnetization and if
(J3)jo, = 0, the subdomain may be discretized by means of BEM; for the remaining sub-
domains we use FEM. Note, that the partition into subdomains may (and usually will) be
finer than the partition into homogeneous materials. Let Zpgy and Zppy = Z \ Zpgm denote
the corresponding index sets. On each BEM subdomain we make use of the approximation
Szi‘%EM of the interior Steklov-Poincaré operator S%nt on 0€);. For this purpose, we introduce
the space

Vp = {uc HhH(Q): / Vu-Vude =0 Vo€ Hj(Q;) Vi€ Igpum}, (6.30)
Q;

i.e., the functions in H}(Q2) which are weakly harmonic in the BEM subdomains. In the
next step we approximate the nonlinear variational equation (6.20) by the equation

Alw) = F  inVy, (6.31)
with
(Aw),v) = > vi(|Vul)Vu - Vode+ > vilShew u, 0o, , (6.32)
(ISR Y NG 1€IBEM
=:(A; (), v>
v
<F, ’U> Z J3 v — Hg 2 H() 1— dx + H071n2 — Ho’gnl ds, (6.33)
T, 8 T2 oQ;NI'y
7 FEM
=:(fi,v)

for u, v € ‘7D.

For a discretization we consider a shape-regular and geometrically conforming triangu-
lation of the skeleton I'g and expand it to quasi-uniform triangulations on the subdomains
Q,; for i € Zpry. We define VB(Qi) and VB@Q@') as the corresponding spaces of continuous
piecewise affine linear functions with respect to the triangulation which fulfill the essential
boundary conditions. The discrete analogon to Vp is the space

171}5 = {u € ‘71) DU, € Vg(Ql) Vi € IrEM , U|9Q; S VE(BQl) Vi e IBEM} . (6.34)
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6.2.1 Newton’s method

Usually, one discretizes problem (6.20) first and derives a Newton type method in a second
step. It turns out, however, that the Jacobian is closely related to the one of the continuous
Newton method. For a detailed discussions see, e.g., HEISE [84] or PECHSTEIN [142]. The
Fréchet derivative A'(u) : Vp — VD of the operator A at u is given by

(A'(w)w, v) = Z (Al (u)w, v)g, + Z vi <S;%EM w, V)p0, for w,v € Vp, (6.35)

1€ZFEM 1€IBEM

with Aj(u) : H5(Q;) — H5H()* and ¢ : R? — R?*2 defined by

(Al (uw)w, v)q, = / [G(Vu)Vw] - Vodz  for w, v € Hp(), (6.36)
Q;
, vi(lp) o T 2
R e R AL B

The Jacobian in the k-th step of a discrete Newton method will then be associated to the
bilinear form . N
(A’(uglk))fwh, Up) for wy,, vy, € VE .

Under Assumption 6.1 it can be shown that the Fréchet derivative A’(u) is elliptic and
bounded, uniformly in u, which essentially means that the Jacobian matrix is always regular.
Finally, the (damped) Newton method reads as follows.

1. Fix a continuous initial guess u( ) e VD
2. Set k=0.

3. Compute the update wf(lk) € ‘7Dh by solving

Ayl o) = 30 0 e+ 0 0 vdea, e VB (ga8)

i€IpEM i€IBEM
with
rﬁk) = fi— Ai(uﬁf)) € V()" fori € Ippum, (6.39)
Tl(k) = S;%EM ge) € V[’}(OQZ)* for ¢ € IBEM .
4. Set u(kH) = ( ) ~+ pk w,(lk) where the relaxation parameter pj is chosen using a line

search algorlthm in order to get a reduction in the residual.

5. Check the convergence of the residual in a suitable norm, e. g., use the stopping criterion
k k 1 1
Z<7’§ Lty < e Z<7’§ gy, (6.40)
i€z ieT

for some relative tolerance €. It can be shown that the expression on the left hand side
is a norm of the residual, spectrally equivalent to the energy-norm of the global error.
If the stopping criterion fails, increase k by one and continue with step 3.
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A convergence analysis of this Newton method can be found in PECHSTEIN [142]. Under
suitable smoothness assumptions on ¢/ one can show that the above Newton method con-
verges locally quadratic. In order to obtain a good initial guess, we can use a sequence of
refined meshes and use the approximation on each level as initial guess for the next level.

Note that in the case of non-homogeneous boundary conditions, the initial guess uglo) is
chosen such that it satisfies the correct Dirichlet boundary conditions. Therefore, the update

(k)

w, "’ must satisfy homogeneous Dirichlet boundary conditions in any case.

6.2.2 The linearized problem

From the previous considerations we see that equation (6.38) is a potential equation with

a tensor-valued coefficient Q(Vugk)). We are faced with the following two different kinds of
phenomena.

1. Anisotropy: For a fixed vector p € R2, the matrix (;(p) has two eigenvalues, v;(|p|) and
vi(|p|) + v/(|p|)|p|- Depending on the derivative v/(|p|), the ratio of these eigenvalues
may become large. In terms of the B-H-curve g;, the ratio is given by

max{ g: ' (Ip) (951)’(|p!)|p!}'
(g; Y(phlpl” g7 '(IpD)

For details see, e.g., PECHSTEIN [142]. Fortunately, for many practically relevant B-
H-curves, this ratio stays small, e.g., O(10%).

(k)

2. Variation: Since the approximations Vu, " of Vu are substituted for p, a subdomain €2;

may show large variation in (;(-), since Vu,(f) may vary significantly. In the presence of
singularities at corners etc., Vu can grow arbitrarily large, whereas Vu is usually small
in the interior of a subdomain . This results in the fact that the ration between the
largest and the smallest occurring eigenvalue of Ci(]Vuﬁlk) |) on one subdomain may be
O(103) and more, which is not anymore negligible. Iterative solvers for the linearized
problems (6.38) should be robust with respect to the variation of Q(Vugk)). This shows

indeed the relevance and importance of the theory presented in Chapter 5.

6.2.3 Error control

We use FETI/BETI methods to solve the linearized problem in every step of Newton’s
iteration. In order not to complicate notation, assume that the FETI/BETI saddle point
system in step k reads as

Sk BT wk) (k)
B 0 AR ) 0o )
Since we do not have exact arithmetics, the update w®) is discontinuous. We give the

following two suggestions to proceed.

e We can enforce continuity of w(®) by averaging, e.g., using the weighted average op-
erator Ep. From Remark 2.47 (page 91) and the preceding discussion, we know that
the FETI/BETI PCG iteration controls the residual

|Pp w(k)lsm = ’w(k) — Ep w(k)\sm .
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Consequently, the global error

ET(S® Epw® —r0)) = ET(§® 40 _ p0) _ gTAK) _ 5T gk pp k)

=0

will be of the same order as that residual.

e Alternatively, we can incorporate the discontinuity in «*) into the right hand side of
the FETI/BETI system for the update w®),

sk BT w®) r(k)
(e %) (o) = (hue )
i.e., we enforce a jump of — B u®) to w®) | such that the jump in the new iterate ul

is reduced. However, this strategy works only if the relaxation parameter p; can be
chosen to be 1 (or if it is known a priori).

k+1)

For more details and numerical studies see LANGER AND PECHSTEIN [116, Sect. 4].

6.3 Numerical results

In this section we consider two kinds of problems, an electromagnetic valve and an electri-
cal motor. We show the application of one-level FETI, FETI/BETI, and IC-FETI/BETI
methods including the incorporation of an exterior domain to the nonlinear problems.

Example 6.1: Electromagnetic valve In our first example we choose the model valve
problem from Section 2.3.3 on the square [0, 0.1]2, cf. Figure 6.3, left. The armature and the
iron core are considered as nonlinear materials with the B-H-curve according to Figure 6.2.
The source term Js is chosen as 2.3 - 105 in the coil and zero elsewhere. Furthermore, we
have no permanent magnetization, i.e., Hy = 0. For all the computations in Example 6.1
we have used a globally quasi-uniform triangular mesh.

First, we impose Dirichlet boundary conditions on the whole boundary. The absolute
value of the magnetic flux density |B| is displayed in Figure 6.3, right. The magnetic field
intensity |H | and the values of the reluctivity v(]|B]) are shown in Figure 6.3. We see that we
get large values of v(|B|) near the material corners. In order to get an idea on the amount
of variation of the reluctivity in the nonlinear materials, we have plotted all the occurring
values of v(|B]) in the iron core against |B| in Figure 6.5, left. In the same figure, we
display the residual of the global nonlinear equation. The different branches of the graph
correspond to different levels of refinement. On the finest level in that graph the number of
global DOFs equals 263 169. Here we have chosen a relative accuracy of ¢ = 107 for the
reduction of the residual on the coarsest level (0) and on the finest level (5), whereas we stop
after two Newton steps on the levels in between. The linearized problems are controlled by
a reduction of the residual by a factor of e, = 10™® in the energy norm, cf. Algorithm 1
(page 65). For this particular example, the nonlinearity seems to be extremely high, and we
need seven Newton steps on the finest level, some of them damped. Nevertheless, we can see
the quadratic convergence in the last steps.
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Figure 6.4: Example 6.3: Left: Visualization of |B|. Right: Visualization of v(|B).
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Figure 6.5: Example 6.3: Left: Occurring values of v(|B|) plotted against |B|, logarithmic
scale. Right: Reduction of the global residual, values of the relaxation parameter py.
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Next we would like to focus on the linearized problems. Since the coefficient ((-) is tensor
valued, we choose the largest eigenvalue per element for the pointwise scalings in D; and Q.
In order not to complicate notation, we fix the Newton iteration index k£ and denote by ;|-
the (matrix) value of Ci(Vuk‘T) for an element 7, and by Amax(Cj|r), Amin(G|-) the largest,
respectively, smallest eigenvalue of that matrix. The weights for the scaling operators (cf.
Section 5.2.1) are then chosen as

a?ax(xh) = TCIE?(};*L) )‘max(gﬂfr) for 2" € anILI :

In order to compare the efficiency of that scaling we introduce the weights

i — )\max ilr) -
a L (Gifr)

Furthermore we introduce the anisotropy measure

Manis(() = max max M, (6.41)
1€lrpMm T€TH(Q) /\mm(g |7_)

and the variation measure

max AmaX(Ci |‘r)
TETh(Qi)
var = . . 6.42
Mvar (€) ier%?é(M min )\min(gih/) ( )
eTh(Q;)

Table 6.1 and Table 6.2 show the result for two different settings of J3 and different dis-
cretizations (using 4 up to 7 refinement levels). In Table 6.1, the choice of J3 = 1-10° leads
to a relatively low heterogeneity (myay = O(10?) for the finest discretization). The weights
@; still lead to a rather satisfactory number of PCG iterations. Changing the source term to
J3 = 2.3 - 10° results in a high heterogeneity. In Table 6.2, we see that the weights @; result
in a bad condition number of O(10*) and an enormous number of PCG iterations. Contrary,
the more carefully chosen weights @;"** result in an acceptable number of PCG iterations.
For the finest discretization, however, the condition number is rather large which suggests

that a clustering effect has occurred.

global weights @; weights a"**
DOFs | H/h || manis | Myar | PCG ‘ cond. | PCG ‘ cond.
16 641 32 6.1 26.3 20.0 9.9 20.0 9.9
66 049 64 6.9 66.0 24.3 | 22.6 21.7 18.7
263 169 128 10.2 | 152.4 29.7 | 43.9 24.7 35.9
1050625 | 256 || 11.4 | 258.1 || 36.3 | 84.4 || 27.7| 65.6

Table 6.1: Example 6.1: Comparison of two weights for the one-level FETI preconditioner.
Average number of PCG steps and iteration numbers during the Newton iteration on the
finest level for the sequence of linearized problems, J3 = 1 - 106.
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global weights @; weights a"**
DOFs | H/h || manis Myar | PCG | cond. | PCG | cond.
16641 32 11.7 413.3 29.5 34.9 22.8 11.5
66 049 64 12.0 652.0 68.8 189.5 26.6 19.2
263169 | 128 | 14.2 | 2905.7 | 223.9 | 3079.0 || 32.1 | 30.3
1050625 | 256 17.9 | 7429.7 || 346.3 | 7429.7 40.2 | 560.7

Table 6.2: Example 6.1: Comparison of two weights for the one-level FETI preconditioner.
Average number of PCG steps and iteration numbers during the Newton iteration on the
finest level for the sequence of linearized problems, J3 = 2.3 - 10°.

Finally, we would like to demonstrate the use of a Newton FETT/BETI method including
an exterior subdomain. Figure 6.6 displays the solution u and the field |B|. Here, the outer
layer of air subdomains has been replaced by an exterior subdomain, and the interior air
subdomains have been discretized by BEM. On the left of that figure we show the interfaces
between the BEM subdomains

Cells . Cells "’ [ ="
u IB
0.181 212
0.183 19 : ¥
—0.146 —1.69
-0.128 —1.48
—0.111 —1.27
0.0931 1.08
0.0755 0.847
—0.0579 —0.636
0.0403 0.425
- &
0.0228 0.213
0.00517 N 0.0016 ‘ n

Figure 6.6: Example 6.1: Computational result of a FETI/BETI method including an exte-
rior subdomain. Left: Solution u. Right: Magnetic flux density |B].

Example 6.2: Electrical motor Our second example is a model electrical motor, where
the data is Courtesy of the ACCM!. Figure 6.7, left, shows the setup and the subdomain
partitioning. We model the surrounding air with an exterior BEM subdomain and the air gap
with one single BEM subdomain. The radius of the rotor, which is modeled as a permanent
magnet is 20 mm. In the rotor, Ho 1 = 0, Ho 2 = 1.21p; elsewhere Hy = 0. Concerning
the source term, we set J3 = 107 in the subdomains marked with “+”, J3 = —107 in those
marked with “-”, and J3 = 0 elsewhere. The yoke is the only ferromagnetic material, where
we use the B-H-curve shown in Figure 6.7, right; in all the other materials we set v = 1.

! Austrian Center of Competence in Mechatronics — A K2-Center of the COMET/K2 program of the
Federal Ministry of Transport, Innovation, and Technology, and the Federal Ministry of Economics and
Labour, Austria
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In order to compute the solution we have used a Newton IC-FETI/BETI method. Fig-
ure 6.8 displays the solution, the field lines and the interface-concentrated mesh (visualized
by NetGen/NGSolve). In this example the nonlinearity is not very high because there are no
singularities present. However, the small width of the air gap badly influences the condition
number of the FETI/BETI system. Finding techniques for FETI/BETI type methods that
can cope with such kinds of problems seems to be still an open problem.

interproximated B-H-curve - v270.dat — monotonic cubic C*1-spline (rel tolerance 0.005)
2 T T T T

) __data +
interproximation —— |

0 I I I I
0 2000 4000 6000 8000 10000
H

Figure 6.7: Example 6.2: Left: Model electric motor setup with subdomain partitioning.
Right: Approximation of the data set v270.dat, Courtesy of the ACCM.
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Figure 6.8: Example 6.2: Left: Magnetic field lines. Right: Solution and interface-
concentrated mesh.
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